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SPECTROPHOTOMETRIC MICRODETERMINATION 
OF METHIONINE* 


By BOHDAN BAKAY anno GERRIT TOENNIES 


(From The Institute for Cancer Research and the Lankenau Hospital 
Research Institute, Philadelphia, Pennsylvania) 


(Received for publication, June 21, 1950) 


Lavine showed that among the common amino acids methionine is dis- 
tinguished by a reversible reaction with iodine (1, 2) 


pH 7 (Reaction A) . 
CH, CH,- CH, CH(COO + 


CH,-S- CH, CH(COO>NH! + 


and based a highly specitie method for the determination of methionine on 
the titration of the iodine liberated by Reaction I. Amino groups react 
ton small extent with iodine similar reversible manner,  lLlowever, 
the extent of the latter reaction inan unknown mixture can be determined 
by carrying out the rodine reaction ina separate operation after prior oxt- 
dation with iodate, ‘The resulting oxidation of methionine to the sulfoxide 
abolishes the reactions shown in Equation 1, 

These basic reactions are utilized in the present method, but iodine is 
determined spectrophotometrically. The resulting increase in sensitivity 
(nearly 100-fold) makes possible precise determinations (+0.25 y) on a 
micro scale. Rapid compietion of Reaction A requires an excess of iodine 
and the unused excess must be removed before liberation of iodine accord- 
ing to Reaction B. In the present scheme this is done by extraction with 
a solvent mixture instead of by reduction with thiosulfate or sulfite, as in 
the original procedure (1). Other modifications had to be introduced be- 
cause the lower working concentrations result in lower relative velocities 
of bimolecular reactions and a greater sensitivity to oxidizing or reducing 
impurities. 

The basic chemical reactions and experimental evidence (1, 2) indicate 
that the method would not respond to methionine-containing peptides, nor 
differentiate between L- and p-methionine. Reference is made to the 
original paper of Lavine (1) concerning possible interfering effects of cer- 
tain special compounds. 

* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Publie Health 
Service; and by an institutional research grant of the American Cancer Society. 


Presented in part at the meeting of the American Society of Biological Chemists 
in Atlantic City, April, 1950. 
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2 MICRODETERMINATION OF METHIONINE 


EXPERIMENTAL 

Reagents— 

Solvent. A 9:1 mixture of isoamyl alcohol and carbon tetrachloride was 
found suitable for the removal of iodine because of its high solvent power 
for iodine and its own Jow solubility in water, and also because it separates 
well and, forming the upper layer, protects the aqueous layer against oxi- 
dation. Reagent grade isoamy] alcohol requires purification in the follow- 
ing manner for the removal of oxidizing or reducing impurities. 

Extract 500 cc. of isoamy!] alcohol with an equal volume of 0.01 per cent 
silver nitrate solution, then extract with 10 cc. of 5 Mm Nal plus 1 ee. of 4 
mM HCl, and remove the precipitated matter by centrifugation. Extract 
with an equal volume of 1 per cent stannous chloride and wash twice with 
water. Distil the alcohol, mix 180 cc. of the purified product with 20 ce. 
of carbon tetrachloride, and extract the mixture with 10 ec. of 5 mM Nal. 
It is advisable to perform the following final steps each day before carrying 
out determinations. Extract the solvent with 1 to 2 volumes of | per cent 
stannous chloride, wash twice with water, centrifuge, add 10 cc. of Buffer 
Mixture I (see below) and equilibrate by stirring for 10 minutes with 
bubbling nitrogen, remove the aqueous layer, and keep the resulting sol- 
vent (which has a faint iodine color) well stoppered, ‘The used solvent is 
collected and may be repurified four or five times according to the final 

Kiuffer Micture Mix 1.5 volumes of with 8.5 volumes of 
and 10 volumes of 5M Nal, Saturate with nitrogen for 10 
minutes, and, after tor? days standing, extract the hberated todine wath 
a ecmall volume of solvent, filter, bow while the nitrogen bubbling through 
the solution until the color is at a minimum, and let cool without stopping 
the nitrogen. Keep stoppered, 

Buffer Mixture IT. Prepare before use by mixing 40 ce. of Buffer Mix- 
ture | with 10 ee. of a 0.0025 m iodine solution. 

Buffer Mixture IT]. Mix 80 ce. of Buffer Mixture I and 20 ee. of ap- 
proximately 3. N NaOH. Filter if necessary. The NaOH must be ad- 
justed so that 5 ee. of this mixture, 4 ec. of water, and 1 ee. of the iodate 
mixture vield a pH of 7.0. 

Iodate mixture. Prepare before use by mixing equal volumes of 0.01 N 
KIO; and 6 n HCl. 

4.N HCland HO. Saturate with nitrogen before use. 

Standard Iodine Curve and Procedure—0.0004 N KIO3;, prepared from a 
standardized (3) 0.1 N solution by dilution with nitrogen-saturated water, 
is used for calibration purposes. The following series of solutions is set up 
in calibrated (4) Coleman round cuvettes (19 (outer diameter) X 150 mm.): 


| 
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To remove residual oxygen, nitrogen is bubbled through the solutions 
for 10 minutes. 10 cc. of the solvent are then added and, by agitating 
both layers by a stream of nitrogen for 2 minutes, iodine is extracted from 
the aqueous layers. In order to separate and clear completely the lower 
layers, the solutions are centrifuged for 3 minutes at 2500 to 3000 r.p.m. 
and cooled slightly by keeping in ice water for 2 minutes. Optical densi- 
ties are then determined in the Coleman spectrophotometer (No. 11 or 
No. 14) at 420 mu against water. The resulting readings, expressed in 
O.D. units,! are termed ap to ay. Iodine is now liberated by gently adding 
1 ec. of 4 N HCl to the aqueous layers. The transfer pipette is brought 
to the bottom of the tube and the last of the acid is forced out by careful 
blowing (three to four air bubbles). After 10 minutes of undisturbed 
standing (diffusion of acid), readings are taken again (by to by). In the 
standardization neither do, 7.e. the equilibrium concentration of iodine 
contributed by the neutral buffer mixture, nor by) — 10/11 ap, 2.e. the iodine 
liberated from the buffer mixture, should exceed 25 O.D. units. Boiling 
and saturation with nitrogen, as described, will insure low blank values. 
The standard curve is constructed from the points obtained by subtracting 
by 1O/11 ag from the values by ay, be ay, ete. 

An identical standard curve may be obtained by Gsing pure methionine 
an deacmbed in the next seetion Comutting Part Ub of the determination 
With methionine there ia no secondary reaction or 
most by a standardized todine solution imetead of with 
the extraction and steps omitted. 

hig. | shows our standard eurve, Tt should not be used without verte 
cation because of possible instrumental differences, 

Methionine Determination—TVhe procedures deseribed in the preceding 
section are used. However, the determination consists of two parts, meas- 
urement of all reversibly bound iodine and of iodine reversibly bound by 
non-methionine substances. 

Part I—A reagent blank and a 4 ec. aliquot of the neutralized unknown 
solution are brought to 5 ce. with water, and 5 ec. of Buffer Mixture II 
(which contains iodine) are added to each tube. After allowing 30 min- 
utes for the completion of Reaction A in Equation 1, the solutions are 
saturated with nitrogen for 10 minutes, and the solvent extraction, initial 
(a) readings, acidification, and (b) readings are performed as described in 
the preceding section. 


10.D., 1000 X optical density. 
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Part II—To an identical aliquot and reagent blank of 4 cc. total volume, 
1 ec. portions of the iodate mixture are added. After allowing 30 min- 
utes for the oxidation of methionine to sulfoxide by the action of iodate, 5 
ec. of Buffer Mixture III are added. The medium is thus brought to pH 
7 and excess iodate is converted to iodine. Reactive groups which were 
not oxidized by the iodate are now allowed to react with iodine for 30 
minutes and the extent of the reversible reaction is determined as in Part 
I, yielding optical density readings before (c) and after (d) acidification. 
Table I shows these steps in outline. 


600 T r T 
400) 
2 
uJ 
5 2001 
+ 
MCROMOLES ti ML 
Ol 05 i O7 A 
xe 


100 
MICROGRAMS METHIONINE IN ML. 
bio fodine calibration curve, Coleman apectrophotometer No. il, = 420 
Hip, dinmeter of round cuvettes 156 em, 


Details of Technique and Procedure All the determinations deseribed im 
this paper were obtained with a single set of six tubes, carefully selected for 
uniform inside and outside dimensions,  Rigidand reproducible positioning 
of the tubes in the Coleman cuvette carrier was secured by the use of 
close fitting flanged sleeves (14 inches long), made on the lathe of plex1- 
glass. Precise determinations cannot be obtained without these arrange- 
ments. 

A simple glass manifold (similar to No. 3405 in the A. H. Thomas Com- 
pany catalogue) serves well for bubbling nitrogen through the solutions. 
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It carries six side arms, approximately 1 inch long, at 3 inch intervals. 
The side arms are connected by rubber tubing to 7 inch pieces of heavy 
walled capillaries of 0.33 mm. bore. In operation this manifold is con- 
nected to the nitrogen tank and the capillaries are immersed to the bot- 
toms of six cuvettes standing in a rack. For the solvent extractions a 
stream of nitrogen is maintained which is just sufficient to force small 
bubbles of the solvent down to the bottom of the tubes. 


TABLE I 
Example of Analytical Procedure 


Determination of 


Methionine plus 


| 
| non-methionine Non-methionine 


Tube 1 Tube 2 Tube 3 Tube 4 


Hydrolysate, cc. | 0 4 0 4 
Water, cc. 5 1 4 0 
Buffer Mixture II, 0.4 m phosphate buffer, 5 5 


pH 7; 2.0 m Nal; 0.0005 m Ia, ce. 
Iodate mixture, 3.0 m HCl; 0.005 n KIOs, cc. 1 
Waiting time, min. 30 30 
Buffer Mixture III, 0.4 m phosphate buffer, 5 

pH 7; 2.0 m Nal; 0.6 m NaOH, cc. 


Waiting time, min. 30 30 30 30 
Bubbling of nitrogen, min. 10 10 10 10 
Solvent (isoamyl alcohol — CCl, = 9:1), 10 10 10 10 
ce. 
Bubbling of nitrogen, min. 2 2 2 2 
Centrifugation and cooling, min. 5 5 5 5 
Aqueous layer; volume, ce. 10 10 10 10 
“ * optical density after extrac- ay 
tion, OLD, 


Aqueous layer) volume, cc. it 
optieal density after acidifi- by, hy, dy dy 


cation, OD 


With this equipment, it is convenient to perform in one operation Part 
Lor Part [1 of the determination for two unknowns in duplicate, 7.¢e. to use 
two reagent blanks, and two tubes for each of the two unknowns. A 
complete set of duplicate measurements can thus be obtained for two un- 
knowns in 2 hours. 

Fig. 2 shows that under the experimental conditions (2 minutes of agi- 
tation by bubbling nitrogen) a well defined distribution equilibrium be- 


! 
| | 
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tween the iodine content of the aqueous and the non-aqueous phase is 
produced, with approximately 3 per cent of the iodine remaining in the 
latter. Obviously, the initial readings (before acidification) are essential 
parts of the analytical procedure. 

Fig. 3 shows that removal of dissolved oxygen is essential for the suc- 
cessful determination of the iodine liberated by acidification and that it is 
adequately accomplished by the procedure adopted (10 minutes bubbling). 

Analytical Example—158.8 mg. of Bence-Jones protein and 1.2 ce. of 3 
N HCl in 40 per cent formic acid, sealed under a vacuum in a test-tube 
(wait for gel formation before evacuating), are heated for 13 hours at 120° 


40 
z T 
ro) 
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OPT DENS. OF IODINE BEFORE EXTRACTION 


Fic. 2. Removal of iodine from the aqueous layer by solvent extraction. The 
composition of the solvent and the aqueous phases is described in the text. 


(in a pressure cooker kept in the oven; after cooling, release the pressure 
by heating the tip in a sharp flame before opening the tube with a file 
mark and hot glass rod). ‘The contents of the tube are diluted, filtered 
(sintered glass bilter M), neutralized, and made to LOO ce, 

The analytical procedure as outlined in ‘Table | follows. ‘The mode of 
calculation of the result is shown in ‘Table ff. Beeatse of the non-linear 
nature of the iodine curve (hig, 1) it is necessary to convert all optical 
density readings into medividual rodine Cor, bo ealeulation, metho: 
nine) nits, by reference to the standard curve ora suitable table. Tf the 
methionine amounts equivalent to the readings ay, ai, Do, ebe., 
are designated as Ag, Ay, Bo, Bi, ete., then the difference between the ap- 
parent iodine content of a tube containing an unknown aliquot and that 
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of the corresponding reagent blank tube may be termed AA and AB, for 
the “neutral” and ‘‘acid’’ readings, respectively, obtained in Part I of the 
determinations. If the corresponding values obtained in Part II are called 
AC and AD, the methionine value becomes (AB — AA) — (AD — AC)? 
Recovery of Methionine Present in Protein Hydrolysates—The question of 
the validity of a method for the determination of an amino acid is pri- 
marily the question of whether the method can correctly determine the 
free amino acid actually present in a protein hydrolysate. Whether or not 
this amount is identical with the amount present in the original protein 
is a Separate question and one which depends indeed for proper study upon 


450 
7 IODINE LIBERATED IN 1M SODIUMIODIDE AND 


O1M PHOSPHATE SOLUTION BY DISSOLVED 
OXYGEN 


300 B THE SAME AFTER REMOVAL OF 
OXYGEN BY NITROGEN 


20 30 40 
MINUTES 
Fig. 3. Effect of oxygen on sodium iodide in acid medium (pH ~ 1) 


methods of established validity for hydrolysates. In the case of methio- 
nine the availability of certain methionine-free proteins permits a direct 
evaluation of the primary question. Hydrolysates of Bence-Jones pro- 
tein’ (5) and oxidized casein (6) were analyzed without and with the addi- 


"The non-methionine reaction measured in Part IL of ‘Methionine determina” 
lion,’ whieh is chietly due to amino groups (1), includes the amino group of methi- 
Onine sulfoxide; however, in Part this group ia not ieluded in the non methionine 
Peachion ib ia eliminated by the formation of the dehydromethionine 
(2). Accordingly, AD AC in theoretienlly too large by a percentage whieh, ag an 
Approkimation, may be get ag equal to the percentage of methionine in the protem 
This correction haa been omitted because in all cases investigated it remaina below 
the average error, 

* We are indebted to Dr. Charles Dent for a generous sample of the produet de- 
scribed in his publieation (5). 
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tion of a measured amount of methionine. Four determinations on Bence- 
Jones protein yielded methionine values of 0.006, 0.009, 0.009, 0.016, 
average 0.010 + 0.003 per cent. By addition of the pure pt compound 
the methionine content of the hydrolysate was raised to 1.457 per cent. 
Determination now gave 1.458 and 1.445 per cent, 7.e. 99.7 + 0.5 per cent 
of the calculated value. 

Similar determinations on oxidized casein gave 0.063, 0.059, 0.056, 
0.053; average 0.058 + 0.004 per cent. After addition of methionine to 
a calculated content of 1.641 per cent, the results were 1.634 and 1.619 
per cent, 2.e. 99.2 + 0.5 per cent of the calculated value. 

Applications of Method—TYable III shows a summary of results obtained 
by the procedures described. The data indicate an average precision (in 
terms of average deviation from the mean) of approximately +0.25 y of 
methionine. Accordingly, 50 y of methionine are required for a single 
determination of +1 per cent precision. The data also show that the re- 
sults are generally in good agreement with the results obtained by other 
workers on the same materials. 

The formic-hydrochloric acid hydrolysis method used has evolved from 
the original procedure of Miller and du Vigneaud (8). The method pro- 
duces no insoluble humins, is more convenient than refluxing methods for 
small samples, and appears to give higher values than the latter for cystine 
and methionine (cf. (9)). However, this investigation continues. The 
data shown for egg white indicate that further study is needed in the case 
of this particular material. 

Because of the low methionine concentrations required, charcoal decolor- 
ization or removal of acids by evaporation is usually unnecessary. ‘The 
liver extract hydrolysates‘ were much darker than the protein hydroly- 
sates. However, successful determinations were obtained when the color 
of the hydrolysate contributed as much as 300 O.D. units to the optical 
readings. It will be shown in the next section that no error is committed 
by converting both hydrolysate and iodine colors into iodine units by 
means of the standard curve, 7.e. by assuming additivity of color for hy- 
drolysate and iodine. 

Spectrophotometry of Todine—Figs. 4 and 5 illustrate the reasons for our 
choice of 420 mu as the operating wave-length. Fig. 4 shows that over 
the concentration range used the absorption maximum of iodine lies be- 
tween 360 and 390 mu.® = It is also evident that in this range the relative 


‘We are indebted to Dr. V. du Vigneaud for sending us samples of the products 
used in the study of Genghof (7). 

’ According to Benesi and Hildebrand (10) and Brode (11), the extinetion peak 
of the I, ion lies at 350 to 360 my and T. shows a lower peak at 520 mp. That the 
peak below 400 my is attributable to Lb, is also evident from the measurements of 
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TaBLeE III 
Summary of Analytical Results 
Size of 
Substance hydrolyzed* sample Found 
analyzed 
Y per cent 
Bence-Jones protein 6395 0.4 
0.6 
0.3 
3196 0.5 | 0.01 + 0.01 
Oxidized casein 2941 1.6 
1.6 
5882 3.7 
3.5 | 0.06 + 0.01 
6030 12.4 
12.1 
11.9 | 0.20 + 0.01 
Lactalbumin 493 11.9 
11.5 | 2.37 + 0.05 
Casein 398 
497 
2.93 + 0.09 
Egg white 381 
3.07 + 0.10 
385 
481 
3.40 + 0.09 
383 
478 3.70 + 0.02 
067 
405 
4.14 + 0.04 
“cc 397 
4.49 + 0.10 
Liver extract Lilly 2098S 1573 
1794 20.3 
20.3 | 1.18 + 0.05 
0014, not hydrolyzed 2523 18.3 
2944 23.5 | 0.76 + 0.04 
4 “0014, hydrolyzed 1786 24.5 
24.4 | 1.37 + 0.01 
“436627 1782 24.9 
25.4 | 1.42 + 0.02 


Sample 
No. 
1 
2 
3 
4 
6 
7 
8 
12 


0 
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TaBLE [II—Concluded 


Size of 
le Substance hydrolyzed* sample Found 
analyzed 


Y | Y | per cent 
14 | Bence-Jones protein, methionine added to hy- | 3198 46.6 
drolysate 46.2 
15 | Oxidized casein, methionine added to hydrol- 2941 47.6 
ysate 48.1 | 


*All the hydrolyses were carried out in an evacuated tube at 120° for 13 hours, 
with between 100 and 500 mg. of substance and 0.8 ec. of medium per 100 mg. The 
hydrolyzing medium was, with the three exceptions noted, 3 N HCl in 40 per cent 
formic acid (see ‘‘Analytical example’’). 

Sample 1, Dent and Rose (5) obtained bacterimetrically ‘‘less than 0.02 per 
cent;’? Sample 2, our 1945 preparation (6), 0.01 per cent, titrimetrically, according 
to Lavine (1); Sample 3, our 1941 preparation; Sample 4, Preparation Labco 7- 
HAAN (Lavine (1) obtained 2.35 to 2.41 per cent methionine on this preparation); 
Sample 5, Labco, vitamin-free (Lavine (1) obtained 2.85 to 2.89 per cent meth- 
ionine); Sample 6, egg albumin Merck, commercial, hydrolyzed (13 hours at 120° 
in vacuo) with 3 N HCl; Sample 7, the same as in Sample 6, but hydrolyzed with 3 
n HCl in 10 per cent HCOOH; Sample 8, the same as in Sample 6, but hydrolyzed 
with 3 N HCl in 20 per cent HCOOH; Sample 9, the same as in Sample 6, but hydro- 
lyzed with3 N HCI in 30 per cent HCOOH; Sample 10, the same as in Sample 6, but hy- 
drolyzed with 3 Nn HCl in 40 per cent HCOOH; Sample 11, gave by bacterimetry 
(7) 1.00 per cent methionine (our value, on an undried basis, is 0.98 + 0.04 per cent); 
Sample 12, gave by bacterimetry (our results) 1.07 and 1.20 per cent methionine 
without and with hydrolysis, respectively; Sample 13, gave by bacterimetry (7) 
1.17 per cent methionine. Our present value, on an undried basis, is 1.22 + 0.02 
per cent. 


effect of hydrolysate colors would be at its lowest. However, because the 
absorption maximum varies with concentration, a linear calibration curve 
would not result in this range. Fig. 5 shows the same data calculated and 
plotted in terms of molar extinction coefficients. It becomes apparent 
that linearity of a calibration curve, 7.e. constancy of the extinction coef- 
ficient, is best approached at approximately 420 muy, with no appreciable 
further gain in linearity but substantial further loss in sensitivity at 
440 mu. 

Fig. 5 also makes it evident that under the present conditions the ex- 


Winther (12), who showed that in accordance with the equation, I- + I, = Ty, the 
extinction coefficient calculated for iodine at 366 my increases with increasing iodide 
concentration and decreasing iodine concentration. Our values show a similar shift 
with decreasing iodine concentration and are similar in magnitude to those reported 
by Winther (12). 
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Fig. 4. Absorption spectra of iodine and protein hydrolysate at different con- 


centrations and acidities. 


50 
X 10° M/L IODINE 


za 
ud 
© 
uJ 
oO 
oO 
2000] 440 
i i 
25 75 100 


Fic. 5. Effect of concentration on molar extinction coefficient of iodine at differ- 
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tinction coefhcient of iodine is independent of the acidity. As stated ear- 
lier, the same standard curve is obtained under acid or neutral conditions 
and Fig. 5 shows that the interchanging use of the standard curve under 
acid or neutral conditions is justified. 

The data required for the present determinations are (AB — AA) — 
(AD — AC), as explained above (Table II). They are actually based on 
eight spectrophotometric readings. Each of the four values, AA, AB, AC, 
and AD, could be obtained by a single reading if (Table I) Tube 2 could 
be read against Tube 1, and Tube 4 against Tube 3, each before and after 


600} 
A 
400} 
5 
a 
200) 
E 
0 O2 04 06 08 10 


MICROMOLES IODINE IN ML 
Fic. 6. Relative optical densities of iodine at different reference levels. Curve 
A represents the readings of six tubes obtained against water; Curve B the readings 
of the last five tubes against the first one, Curve C the readings of the last four tubes 
against the second one, etc. It should be noted that these curves are not parallel. 


acidification. With an ideal instrument this should be possible, since two 
tubes of different iodine content should show the same difference in optical 
density regardless of the reference level. Fig. 6 shows that this condition 
is not fulfilled in practice. As the absolute optical density (against H.O) 
of the reference tube increases, the optical density increment correspond- 
ing to a given increment of iodine decreases. 

Closely related to this aspect of the problem is the problem of the addi- 
tivity of iodine and non-iodine (hydrolysate) color. By interpolation it is 
possible to prepare from the data plotted in Fig. 6 a whole series of iodine 
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standard curves for increasing levels of todine in the reference tube. With 
the aid of these interpolated curves, one can obtain data for a given me- 
thionine determination by two procedures, (a) as deserbed, and (b) by 
determining each A value in a single reading, with the lower of the two 
tubes serving as the reference tube, as outlined in the preeeding paragraph. 
This experiment was performed on two liver extract hydrolysates of un- 
usually deep color. The results are shown in Table IV. It should be 
recalled that the difference in color between A, (4 ec. of hydrolysate) and 
Ao (0 cc. of hydrolysate) as well as between Cy and (> is actually not due 
to iodine but to the hydrolysate itself. The data show that the same re- 


TaBLE IV 


Quantitative Comparison of Alternative Methods of Determining Optical Density 
Differences 


Millimicromoles of ‘‘iodine’’ found (corrected to 11 ec. volume). 


Hydrolysate I | Hydrolysate II 
Value} Value | Value | Value Value | Value | Value | Value 
A B Cc D A B Cc D 


8 readings, evaluated from standard iodine curve (against HO) 


470 | 792 | 340 | 524 196 | 452 138 | 322 

_ 92 154, 62/182 92 154 62) 182 

378 638 278 342 104 298 76 | 140 
| 

(AB — AA) — (AD — AC)............ 196 | 130 


4 readings, each obtained against corresponding 0 cc. tube and evaluated from 
the respective interpolated iodine standard curve 
| 


382 640 278 | 338 104 204) 76 | 134 


(AB — AA) — (AD — AC)............ 198 132 


sult is obtained, whether all readings are made against H,O or relative 
color differences are read and the results of the latter readings treated as 
iodine readings. 

Additional systematic studies, in which the stable brown color of pal- 
ladium iodide was used as the non-iodine color, have confirmed that, over 
an even wider range than that utilized in the preceding examples, iodine 
and non-iodine color show strictly additive behavior. 


SUMMARY 


A spectrophotometric micromethod for the determination of methio- 
nine, based on its reversible reaction with iodine (Lavine), has been de- 
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scribed, Por a single determination of approximately +1 per cent accu- 
racy two aliquots of 25 -y of methionine in 4 ec. of a neutral aqueous solution 
are needed, Protein hydrolysates ordinarily require no evaporation or de- 
colorization, No major special equipment is used and two or more deter- 
minations can be completed in 2 or 3 hours. Beeause of its non-biological 
basis, the method is independent of methionine-containing peptides or 
certain other growth factors which under some conditions may affect bac- 
terimetric determinations. For the same reason it does not differentiate 
between the p and L form of the amino acid. 
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ACTION OF AMYLO-1,6-GLUCOSIDASE AND PHOSPHORYLASE 
ON GLYCOGEN AND AMYLOPECTIN * 


By GERTY T. CORI JOSEPH LARNER 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 31, 950) 


lt is shown in this paper that two enzymes are needed for the complete 
digestion of the branched polysaccharides, glycogen and amylopectin. ‘The 
first is phosphorylase, which is specific for the a-1,4 linkages between glu- 
cose residues. In the presence of inorganic phosphate, glucose units are 
split off from the outer chains as glucose-1-phosphate until the enzyme ap- 
proaches the a-1,6 linkages at the branch points.'’ After exhaustive phos- 
phorylase action a limit dextrin remains which, in the case of glycogen, is 
about 36 per cent smaller than the parent molecule (4). In this limit 
dextrin the glucose unit in the @-1,6 linkage has been exposed and is split 
off by the second enzyme as free glucose, permitting phosphorylase to con- 
tinue its action, a process which repeats itself several times until the whole 
glycogen molecule is digested. The ratio of free to phosphorylated glu- 
cose proved to be characteristic for the type of branched polysaccharide 
undergoing digestion and forms the basis for an enzymatic end-group de- 
termination. It is also possible to explore the inner structure of poly- 
saccharides by separate and consecutive action of the two enzymes and 
this will be reported in a later paper. The name amylo-l ,6-glucosidase 
has been proposed for the new enzyme (5); since its action is hydrolytic, 
it seems unlikely that it plays a role in the formation of the a-1,6 bond. 

It was known for some time that crude muscle extracts were able to 
digest glycogen completely, a fact which can now be attributed to the 
presence of glucosidase. Swanson (6) found that muscle phosphorylase 


* This work has been supported in part by a grant from the Corn Industries Re- 
search Foundation. 

+t Postdoctorate Fellow of the National Institutes of Health, United States Pub- 
lic Health Service 1948-50. This report is from a dissertation to be submitted by 
J. Larner in partial fulfilment for the degree of Doctor of Philosophy in Biological 
Chemistry, Washington University. 

1 That this linkage is between carbon atoms 1 and 6 has recently been definitely 
established by Montgomery et al. (1) who isolated and identified 6[a-p-glucopyrano- 
syl|-p-glucose (also referred to as brachiose or isomaltose) after exhaustive digestion 
of starch with taka-diastase. The same disaccharide has also been isolated from 
glycogen after acid hydrolysis (Wolfrom et al. (2)), the a-1,6 linkage being more re- 
sistant to acid hydrolysis than the a-1,4 linkage (3). 


7 


18 AMYLO-1 , 6-GLUCOSIDASE 


crystallized two to three times, when added in large amounts and allowed 
to act for 20 or more hours, digested glycogen up to 80 per cent, while 
crude potato phosphorylase preparations, under the same conditions, de- 
graded glycogen only 36 per cent. Hestrin (4), on the other hand, 
obtained muscle phosphorylase preparations which behaved as potato phos- 
phorylase. This discrepancy has now been explained by showing that mus- 
cle phosphorylase preparations after two to three crystallizations are still 
contaminated with a small amount of glucosidase and that seven to eight 
crystallizations are required to remove the last traces. Several treatments 
of dissolved crystalline phosphorylase with norit also free it of glucosidase. 


EXPERIMENTAL 


Preparation of Glucosidase—A rabbit muscle extract’ was prepared as 
described by Green and Cori (7). After removal from the extract, dia- 
lyzed for 3 hours, of an isoelectric precipitate at pH 5.7, the supernatant 
fluid was brought to pH 7.0 with solid KHLCO,s. Further treatment con- 
sisted in the removal of a-amylase by adsorption on starch and of imor- 
gamic and organic phosphate by dialysis for 18 hours against | per cent 
KCI at 3°. Extracts so dialyzed contained from 4 to 20 y of inorganic 
phosphate per ml. 

The amount of amylase present in muscle extract is large enough to 
interfere with the measurement of glucosidase activity, especially during 
long periods of incubation. A simple procedure, which Somogyi (8) had 
used for the removal of amylase from plasma, was found to remove the 
enzyme completely from muscle extract. Corn-starch powder (U.S. P. 
grade) was stirred into the cold extracts (10 gm. per 100 ml.) for 10 minutes, 
removed by centrifugation, and the treatment repeated once or twice, fol- 
lowed by centrifugation plus filtration; no starch was dissolved. It is es- 
sential that each extract be tested for amylase activity after the starch 
treatment. This can be done in a qualitative way by adding a small 
amount of soluble starch to the muscle extract. The blue iodine color 
disappears gradually when amylase is present, while it remains unchanged 
for 4 hours or longer when the starch treatment has been effective. Gen- 
erally a quantitative test has been relied upon to demonstrate the absence 
of amylase. The dialyzed extract was diluted 1:5 and incubated at 30° 
with 0.8 mg. of glycogen per ml. Copper reduction was determined after 
deproteinization. For example, before starch treatment the reducing 
values (in terms of glucose), after 1, 2, 3, and 4 hours of incubation at 30°, 
corresponded to 8, 14, 20, and 27 per cent of the total reduction after acid 
hydrolysis of glycogen. Actually, even after 4 hours only a small amount 
of glucose was formed and the reduction was due mainly to the formation 
of dextrins and maltose. After starch treatment, no reducing substances 
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or only traces appeared, even when undiluted extract was incubated with 
glycogen for 4 hours.. The importance of this control test is emphasized 
by certain experiments to be described in a later section. 

Another enzyme which would interfere but which was found to be ab- 
sent is phosphatase. Glucose-l-phosphate and Mg** were added to dia- 
lyzed extracts diluted 1:5 and incubated for 1 to 16 hours at 30° at pH 7. 
No free glucose or inorganic P was liberated. The glucose-1-phosphate was 
converted to glucose-6-phosphate, indicating the presence of phosphoglu- 
comutase. 

Glucosidase activity was measured in a reaction mixture of 2.5 ml. con- 
taining 2 mg. of LD? (glycogen, phosphorylase), 0.004 m Mgt, 0.014 m 
phosphate buffer of pH 7, from 0.1 to 0.5 ml. of muscle extract, and an ex- 
cess of crystalline muscle phosphorylase. ‘This made glucosidase the limit- 
ing enzyme in the degradation of LD and also served the purpose of mag- 
nifying the effect of glucosidase through the action of phosphorylase. ‘The 
methods of deproteinization and determination of reducing power will be 
described in a separate section. The amount of glucose, both free and 
phosphorylated, set free during 10 minutes of incubation at 30° was ex- 
pressed as units of glucosidase activity, | y of glucose being equivalent to 
1 unit. Good proportionality was found over a 5-fold range of dilution 
of the extract when the experiment was so arranged that no more than 40 
per cent of the LD was used up during incubation with the highest con- 
centration of glucosidase. When glucosidase was allowed to act alone on 
LD in a phosphate-free medium, the reaction reached an end-point when 
about 3 per cent of the LD had been degraded. This system had obvious 
limitations for a satisfactory quantitative test and hence the device was 
adopted of adding phosphorylase. 

The amount of glucosidase present in muscle extracts after various treat- 
ments is shown in Table I. The enzyme was somewhat purified as 
follows: It was found that the mother liquor of the first phosphorylase crys- 
tals (7) contained about 30 per cent of the extracted glucosidase.* Frac- 
tionation of this material with (NH4)2SOQ, at pH 7 resulted in about a 4- 
fold increase in specific activity (units per mg. of protein) over that found 
in muscle extract. Glucosidase solutions lose activity, even at 5°, during 


2 This abbreviation is used to designate the limit dextrin, LD, formed from gly- 
cogen by exhaustive action of phosphorylase. The preparation of LD consisted in 
incubating glycogen with inorganic phosphate and a sample of phosphorylase which 
had been freed of glycosidase by seven to eight recrystallizations. When the re- 
action had come to an end, the polysaccharide was isolated by precipitation with 
alcohol and the treatment with phosphorylase repeated a second time. A third 
treatment caused no further degradation of the polysaccharide. 


* This explains why phosphorylase crystals were found to be contaminated with 
glucosidase. 
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dialysis against water or weak salt solution (1 per cent KCl at pH 7) and 
also during storage. In order to avoid losses the enzyme was kept frozen 
in small lots until ready for use. Addition of cysteine delays the loss of 
activity during storage. After 24 hours at 5° and pH 6.8, the aliquot to 
which no cysteine had been added had 940 units per ml.; the aliquot with 
cysteine (0.02 m) had 2140 units. After 48 hours the respective values were 
960 and 1560 units. 

Long dialyzed, amylase-free glucosidase preparations were used in ex- 
periments in which the action of this enzyme alone was to be tested. Al- 
though the glucosidase preparations contain phosphorylase, the latter en- 


TABLE 
Activity of Amylo-1,6-glucosidase in Various Rabbit Muscle Preparations 
The method of preparation of extracts, the composition of the reaction mixture, 
and the definition of units are given in the text. Incubation was for 20 minutes at 
30°. The first five experiments were carried out with extracts obtained from dif- 
ferent rabbits. | 


Preparation Pleat ert | Units per mg. protein 

Dialyzed 3 hrs. 1900 | 144 

1200 | 170 

IS “ 2 starch treatments 970 6S 

1100 | 71 
Mother liquor of phosphorylase erystals 

2 starch treatments GSO0 247 

0-25°, saturated (NED 3600 433 

25-350, saturated (NIL 370 


zyme was practically inactive, because only traces of inorganic phosphate 
were present. 

Identification of Reaction Product—In approaching the problem of the 
mechanism of action of the ‘‘debranching”’ enzyme, the following possi- 
bilities were considered: (1) that the ‘‘debrancher’’ enabled phosphorylase 
to by-pass the a-1,6 linkages; (2) that one was dealing with a transglu- 
cosidase, which catalyzed an exchange of the a-1,6 bonds for a-1 ,4 bonds; 
(3) that there occurred a splitting of the a-1,6 bonds by phosphorolysis; 
(4) a splitting by hydrolysis. 

If the first mechanism prevailed, one would expect to find brachiose or 
a branched oligosaccharide as reaction products of phosphorylase plus ‘‘de- 
brancher”’ action; if the second or third, one would find only glucose-1- 
phosphate; if the fourth, one would find glucose, maltose, or a straight 
chain oligosaccharide. In order to decide between these possibilities it be- 
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came necessary to look for unphosphorylated sugars in digests of glycogen 
with phosphorylase plus “‘debrancher” and, if such were present, to iden- 
tify them. Of various methods paper chromatography seemed to offer 
the best analytical approach. 

An unpublished method of D. French was used, in which the one-phase 
solvent system consists of butanol 6, pyridine 4, water 3 (parts by volume). 
Good migration and separation of sugars were obtained when the enzyma- 
tic digests were prepared in the following way. In 15 ml. of reaction mix- 
ture were present 15 mg. of glycogen, 0.03 m phosphate of pH 7.2, cysteine 
0.003 m, Mgt* 0.003 , an excess of muscle phosphorylase, and about 6000 
units of glucosidase. Glycogen digestion was complete in 20 minutes, 
whereupon 2 ml. of the mixed Fe and HgSQ, reagent of West (see Steiner 
(9)) was added. After neutralization with solid BaCOs3, the filtrate was 
made acid with H.SO,, freed of Hg with H.S in the usual way, and aerated. 
The final filtrate was neutralized and evaporated at 35° under an air 
stream.‘ When the volume was 1 to 2 ml., ethanol was added to 90 per 
cent concentration and the mixture kept overnight at 4°. Salts precipi- 
tated which were removed by filtration. The ethanol was removed by 
an air stream at 35°, and the volume reduced to about 0.5 ml. This was 
the material used for chromatography. Steiner (9) has shown that no loss 
of glucose or maltose occurs in this procedure. 

Chromatography revealed the presence of one reducing sugar only, which 
was detected by spraying the paper with alkaline copper sulfate solution 
and heating 5 minutes at 100°. Color was developed by spraying with 
phosphomolybdate. This sugar was identified as glucose by its Rr. That 
other sugars, had they been present, would have appeared in the chro- 
matogram was proved by adding maltose or brachiose, 1.5 mg. each, to the 
reaction mixture at, the end of the incubation period. The Ry values of 
the three sugars under the conditions of the experiment were glucose 0.38, 
maltose 0.22, brachiose 0.15. Control experiments showed that glucose-1- 
phosphate was not split by treatment with the West reagent. 

The mechanism of action of the “debrancher”’ is outlined under Mech- 
anism 4 above, and consequently the name amylo-1 ,6-glucosidase seemed 
appropriate.6 The fact that only glucose and no larger fragments, such 
as maltose or a trisaccharide, were found indicates that hydrolysis of the 
a-1,6 bond takes place only after preceding phosphorylase action has re- 


4 No inorganic or organic P was found in this filtrate. 

5 Meyer and Bernfeld (10) described an enzyme in yeast juice which showed some 
degradation of LD (starch, 8-amylase) after 40 hours of incubation in the absence 
of phosphate. They proposed the name amyloglucosidase, but did not identify the 
products formed. It is therefore impossible to say whether the yeast enzyme is in 
any way related to the enzyme described here. 
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moved all glucose residues from one branch. The absence of maltose also 
proves that the enzyme preparations used did not contain amylase. 

Quantitative Determination of Free and Phosphorylated Sugars—Owing to 
the presence of phosphoglucomutase and isomerase in the glucosidase 
preparations, the following equilibrium was established during incubation 
of glycogen with added phosphorylase and inorganic phosphate: glucose-1-P 
= glucose-6-P <= fructose-6-P. The determination of phosphorylated 
sugar therefore had to include these three varieties. Free glucose, the 
product of glucosidase activity, had to be determined in a filtrate entirely 
free of phosphorylated sugars. 

Aliquots of a digestion mixture similar to that described in the preced- 
ing section were deproteinized at zero time and after incubation. The 
sum of free glucose and phosphorylated sugars was determined in Schenk 
filtrates (2 ml. of reaction mixture + 2 ml. of 2.5 per cent HgCl. in 0.5 nN 
HCl), while glucose was determined in phosphate-free West filtrates (5 ml. 
of reaction mixture + 0.7 ml. of West’s reagent). In both procedures 
polysaccharides are removed by adsorption on the HgS precipitate. This 
is important because acid hydrolysis is used in one step of the determina- 
tion. 

The Schenk filtrates (which contained about 0.3 x HCl after removal 
of Hg) were first heated for 5 minutes at 100° in order to split the (non- 
reducing) glucose-1-phosphate.6 After neutralization, Nelson’s (11) color- 
imetric procedure was used with Reagent 60 of Shaffer and Somogyi (12) 
and a heating time of 30 minutes. (KI was omitted, and copper sulfate 
and alkali solutions were mixed just before use.) This high alkalinity re- 
agent was chosen because glucose-6-phosphate (a sample of high purity) 
gave, on the basis of its phosphorus content, as much reduction per mole 
as glucose itself. It was therefore possible to determine the sum of glucose 
and hexose phosphates without having to apply corrections. 

Free sugar in the West filtrates was determined by two independent 
methods, Nelson’s (11) copper reduction and a spectrophotometric en- 
zymatic method. In the spectrophotometric test, glucose was converted 
to glucose-6-phosphate with crystalline yeast hexokinase and adenosine- 
triphosphate. When this reaction had gone to completion, glucose-6-phos- 
phate dehydrogenase and triphosphopyridine nucleotide were added and 
the reduction of the latter was followed at 340 my in the Beckman spec- 
trophotometer until it reached an end-point, about 30 minutes.’ Each 


6 In incubated samples the increase in the copper reduction value after hydroly- 
sis (about 5 per cent) corresponded to the concentration of glucose-1-phosphate ex- 
pected from the mutase equilibrium. 

7 Filtrates prepared according to West did not contain hexosemonophosphate, 
as shown by the absence of any reaction before the addition of adenosinetriphos- 
phate. 
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microgram of glucose in a volume of 3 ml. in a 1 cm. absorption cell corre- 
sponded to a log J)/I reading of 0.0115. Recovery of glucose from stand- 
ard solutions containing 10 to 30 y was satisfactory and there was also 
good agreement (within +5 per cent) with the copper reduction values for 
glucose in the West filtrates. Since the enzymatic method as used is 
specific for glucose, the formation of this sugar by glucosidase action, 
originally detected in chromatograms, appears to be substantiated. 
Specificity of Glucosidase—A model of the structure of an outer branch 
of LD (glycogen, phosphorylase) is shown in Fig. 1. The experimental 
findings on which this structure is based are as follows: Glucosidase alone, 
acting in a phosphate-free medium, liberates glucose from LD (glycogen, 
phosphorylase) but not from glycogen; hence the glucose unit in a-1,6 


SIDE BRANCHES 


MAIN BRANCH 


PHOSPHORYLASE 


Fic. 1. Structural model of a portion of a branched polysaccharide showing the 
sites of enzymatic action. LD corresponds to the limit dextrin formed by exhaus- 
tive action of phosphorylase. & refers to the reducing end. 


linkage must first be exposed by phosphorylase action before glucosidase 
can hydrolyze this bond. This requires that all glucose units in a-1,4 
linkage be split off from one of the two outer branches originating from a 
branch point. This branch is designated as the side branch. That the 
other, or main, branch in the LD is still 5 to 6 glucose units long follows 
from the fact that B-amylase liberates from LD (glycogen, phosphorylase) 
1 maltose equivalent per outer branch (4). Actually, as shown in Fig. 1, 
the maltose units must all come from the main branch. One possible ex- 
planation for the unequal attack of phosphorylase on the two branches is 
the following. Fischer-Hirschfelder models of maltose and brachiose re- 
veal that the a-1,6 link isa much more mobile one than the a-1,4 link, be- 
cause in the former case the link involves a carbon atom outside the py- 
ranose ring. It is conceivable that the greater mobility of the side branch 
permits its complete degradation by phosphorylase. 

The specificity of glucosidase for the structure shown in Fig. 1 has been 


CH20H 
PHOSPHORYLASE 
L.D(PHOSPHORYLASE) \ 
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tested in several ways. In one case a polysaccharide was used as substrate, 
which had been prepared from glycogen by non-exhaustive phosphorylase 
action; that is, the material corresponded to 30 per cent degradation in- 
stead of 36 per cent as required for the formation of LD. Only traces of 
glucose were liberated by the glucosidase, while LD (glycogen, phosphory- 
lase) yielded 2.7 per cent of free glucose.* In the case of glycogen incu- 
bated with glucosidase alone no reducing substances whatever were found 
in the West filtrate, even after 3 hours of incubation. Incomplete deg- 
radation of the side branch seems the most likely explanation for the 
lack of glucosidase action on the intermediate between glycogen and LD. 

That the number of glucose units on the main branch also influences 
glucosidase activity seemed to be indicated by the slowness of its action 
on LD (amylopectin, B-amylase). One cannot be certain, however, that 
in this LD all glucose units on the side branch are exposed. 6-Amylase 
removes 2 glucose residues (maltose) in one step; if, therefore, the ‘side 
branch originally contained an even number of glucose units, the residue 
in a-1 ,6 linkage would remain covered by 1 glucose unit. In order to in- 
sure that this was not the case, LD (glycogen, phosphorylase) was treated 
with crystalline 8-amylase. In this manner an LD was obtained which 
differed from LD (glycogen, phosphorylase) merely by the length of the 
main branch, 1 to 2 glucose units instead of 5 to 6. While LD (glycogen, 
phosphorylase) was digested 18, 50, and 101 per cent after 10, 22, and 60 
minutes of incubation with glucosidase plus phosphorylase, the LD with 
the shortened main branch was digested only 5 and 10 per cent after 60 
and 120 minutes, respectively. 

The reverse type of experiment was also carried out; namely, to make 
the main branch longer. LD (glycogen, phosphorylase) was incubated 
with phosphorylase and an amount of glucose-1-phosphate calculated to 
allow the addition of 1 glucose unit per outer branch at equilibrium of the 
reaction. In another experiment the added glucose units were 3.6 per 
outer branch; this should have yielded a material almost equal in size and 
properties to the original glycogen, if the glucose units had been randomly 
distributed between the two branches. Both polysaccharides were iso- 
lated by several precipitations with ethanol and dried at room temperature. 
The iodine color of the (3.6) synthetic polysaccharide was reddish purple, 
with an absorption maximum at 525 my compared to 480 mu for glycogen. 
The synthetic material also differed in its solubility from glycogen, since 
it showed marked retrogradation when kept at 0°. These facts favor the 
assumption that the glucose units were all added to the main branch, which 


® In these experiments with glucosidase alone, the incubation was continued until 
two consecutive periods showed no further change, indicating that the reaction had 
reached an end-point. 
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would then be about 12 glucose units long. The iodine color and absorp- 
tion maximum are consistent with such a chain length (13). 

The (1) and the (3.6) synthetic polysaccharides were submitted to glu- 
cosidase action; (1) gave 1.0 per cent of glucose, which is about one-third 
the amount obtained from the original LD, while (3.6) gave 0.25 per cent 
of glucose. Random distribution of 3.6 glucose units between the two 
branches should have yielded a synthetic polysaccharide completely re- 
sistant to the action of glucosidase. The experiments support the idea 
that lengthening of the main branch only occurred and that this inter- 
fered with the specificity requirements of the glucosidase, as did the 
shortening of the main branch. 

The action of glucosidase on brachiose has also been tested. After in- 
cubation of 2 mg. for 6 hours with 3600 units of the enzyme some hydrolysis 
(about 25 per cent) could be demonstrated. The specificity requirements 
of the glucosidase are even less fulfilled in this case, since the a-1,6 link- 
age in the disaccharide is hydrolyzed at best at a small fraction of the rate 
at which it is hydrolyzed in the LD. 

Enzymatic End-Group Determination—Chemical end-group determina- 
tions (by methylation or periodate oxidation) are based on the different 
reaction products obtained from the terminal glucose units with a free 
hydroxyl group on carbon 4, as compared to the other chain units with 
two, or at the branch points, with three connecting links. The numerical 
relationship between the number of end-groups and the number of branch 
points is as n to (n — 1); hence they may be regarded as practically equal 
in a large molecule. In the enzymatic method the glucose residue at a 
branch point is uniquely determined, since it is set free as glucose by ac- 
tion of glucosidase, while all other chain units appear in phosphorylated 
form. The ratio of free glucose to total glucose (free + phosphorylated) 
in a digest of a polysaccharide with phosphorylase plus glucosidase should 
therefore be a measure of the degree of branching, and inversely, of the 
average number of glucose units per branch. 

In Table II are summarized enzymatic end-group determinations on 
various polysaccharides. All of these can be degraded completely by the 
two enzymes; incomplete digestion was deliberately chosen in some cases.? 
It may be seen that partial enzymatic degradation of glycogen and of its 
limit dextrin gave the same per cent end-group as complete degradation. 
This could be interpreted in two ways, either that the structure of the poly- 


*The per cent degradation was calculated from copper reduction values after 
complete acid hydrolysis (4 hours in 1 nN HCI at 100°) of aliquots of the polysaccha- 
ride solutions used. These values obtained after acid hydrolysis generally agreed 
within 3 per cent with those calculated from the weight of the carefully dried poly- 
saccharides. 
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saccharides is very regular or that 1 polysaccharide molecule is degraded 
completely by the two enzymes before a new one is attacked. 

The values for end-groups obtained by the enzymatic method showed 
a consistent deviation of about 20 per cent from the values obtained by 


TaBLeE II 
End-Group Determination of Polysaccharides 


The reaction mixtures consisted of 12 mg. of polysaccharide; MgSO, 0.004 m; 
inorganic phosphate 0.014 mM, pH 7; muscle extract 3.0 ml. (approximately 3000 
glucosidase units); phosphorylase crystal suspension diluted 1:20 with 0.003 m 
cysteine, pH 7, 5.0 ml.; final volume 15.0 ml. Time of incubation 15 to 60 minutes 
at 30°. Amylopectin samples were those previously analyzed by Potter and Hassid 
(14) with the periodate method. Periodate values on rabbit liver glycogen and 
corn amylopectin represent determinations made in this and Hassid’s laboratory, 
with substantial agreement. 


Enzymatic Periodate 
Polysaccharid 
olysaccharide Free glucose | Average = Average | Deviation 
Degra- acid : 
dation glucose Moles | 
glucose 
per cent per cent 
Rabbit liver glycogen 42.5) 6.5 
90.5 | 6.7 
102 7.0 
102 7.0 (6.8)| 14.7 5.55 18 18 
“~~ muscle glycogen 6.9 14.5 
Limit dextrin of glycogen 64 12.1 
(phosphorylase) 100 11.8 
100 11.3(11.7)| 8.5 
Sago amylopectin 96.6 | 5.7 
97.4 | 6.0 (5.9)| 17 4.55 22 22.5 
Wheat amylopectin 76.5 | 4.9 
Sample A 89.6 | 4.9 
90.5 6.2 
92.6 5.4 (5.4)} 18.5 4.35 23 20. 
| §.4 18.5 
Corn amylopectin 85 4.6 
97 5.0 
98.3 | 4.4 (4.7)) 21.2 3.84 26 18.5 
Potato amylopectin 88.5 | 4.6 21.8 3.7 27 20 


The figures in parentheses represent the average. 


periodate oxidation, the enzymatic values being higher in all cases. This 
suggests a systematic error in one of the two methods. The recovery of a 
known amount of polysaccharide in terms of free plus phosphorylated 
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hexose after complete enzymatic digestion was within +2 per cent of the 
theory. This would not exclude a systematic error in the determination 
of the ratio of free glucose to total glucose, because free glucose, being only 
5 to 7 per cent of total glucose, could be determined 20 per cent too high 
without affecting appreciably the per cent recovery of the enzymatically 
digested polysaccharide. It is therefore of importance that free glucose 
was determined by two independent methods, with a random error be- 
tween the two methods of +5 per cent. 

Meyer and Rathgeb (15) have pointed out that esterification of formic 
acid may give low results in the end-group determination by periodate. 
This method is based on the titration of the formic acid liberated, and 
theoretically it should be sufficient to titrate to a methyl red end-point, 
as is done in the methods of Potter and Hassid (14) and Brown et al. (16). 
However, Jeanes and Wilham (17) have shown recently that, in order to 
get agreement between formic acid calculated from oxidant consumed and 
formic acid as determined by titration, one has to titrate to a phenol- 
phthalein end-point. ‘There appears to be a buffering action in the critical 
pH region in incubated periodate-polysaccharide reaction mixtures (after 
removal of excess periodate with ethylene glycol) which is not found in 
solutions of pure formic acid. Further work is indicated in order to re- 
solve the discrepancy between the chemical and enzymatic method of end- 
group determination. 

Glucosidase Action in Vivo—The liberation of free glucose from gly- 
cogen by glucosidase acting together with phosphorylase explains a hitherto 
puzzling finding made in this laboratory (18, 9). When rat or cat muscle 
in situ or isolated frog muscle was given three tetanic stimulations of 10 
seconds duration each, a procedure leading to rapid breakdown of glycogen, 
a small amount of free glucose was shown to have been formed in the muscle 
(on an average 16, 23, and 13 mg. per 100 gm. in the three cases, respec- 
tively). West filtrates were prepared and differential analyses showed 
that only glucose and no maltose or non-fermentable reducing substances 
had been formed as the result of stimulation. In rat muscle in situ about 
200 mg. of glycogen per 100 gm. are broken down during a tetanus of 15 
seconds duration; hence probably somewhat more during three stimulations 
of 10 seconds duration. The amount of free glucose formed is of the order 
of magnitude one would expect if glucosidase participated in intact muscle 
in the breakdown of glycogen. 


SUMMARY 


1. The complete degradation of branched polysaccharides in animal 
tissues requires two enzymes, phosphorylase for the phosphorolysis of 
the a-1,4 linkages and a special type of glucosidase for the hydrolysis 
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of the a-1,6 linkages at the branch points. The product formed by glu- 
cosidase is glucose, the only free sugar which was detected in chromato- 
grams of suitably prepared digestion mixtures. The formation of glucose 
requires that the glucose unit in a-1,6 linkage be exposed by preceding 
phosphorylase action. Thus, phosphorylase converts glycogen or amylo- 
pectin to a limit dextrin which yields glucose when acted upon by glucosi- 
dase alone, while native or incompletely degraded polysaccharides do 
not. 

2. 8-Amylase liberates 1 equivalent of maltose per branch from the 
glycogen-phosphorylase limit dextrin; hence the main branch originating 
from a branch point is about 5 to 6 glucose units long, while the side branch 
consists of the exposed glucose unit on which glucosidase acts. Glucosi- 
dase has high specificity for this structure as shown in experiments in 
which the main branch was made longer or shorter. Glucosidase also acts 
very slowly on brachiose, the a-1,6-linked disaccharide. The name am- 
ylo-1 ,6-glucosidase has been proposed for this enzyme and a method for 
the measurement of its activity has been described. 

3. The ratio of free glucose to free + phosphorylated glucose in a digest 
of polysaccharide by the combined action of phosphorylase and glucosidase 
is a measure of the degree of branching. The values obtained with this 
enzymatic end-group determination on several branched polysaccharides 
were consistently 20 per cent higher than the values for end-group obtained 
by periodate oxidation. Possible reasons for this discrepancy are dis- 
cussed. 


The authors are greatly indebted to Dr. E. Montgomery for a sample 
of chromatographically pure brachiose, to Dr. A. K. Balls for a sample of 
crystalline B-amylase, and to Dr. W. Z. Hassid and Dr. R. W. Kerr for 
samples of several amylopectins. They also wish to thank Dr. C. F. Cori 
for valuable help and advice. 
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In the course of a study on the action of insulin in protein metabolism, 
the eviscerated dog was used (1). It was observed in that preparation 
that oxidation of methionine $* to sulfate almost stopped. Data on this 
finding are presented here. 


EXPERIMENTAL 
Treatment of Animals 


Normal Dogs—Healthy, normal dogs with good appetites were used. 
They were fed the following diet once daily: 400 gm. of lean horse meat, 
10 gm. of sucrose, 5 gm. of bone ash, and 1.5 gm. of salt mixture (2). Vita- 
mins A and D were supplied by 3 ml. of fortified sardine oil, and the B 
vitamins by 10 ml. of Galen ‘‘B” (a rice bran concentrate). 

Eviscerated Dogs—The evisceration technique has been described in a 
previous paper (3). 

After evisceration, each dog received hourly intravenous injections of 
10 per cent glucose. The amount administered was adjusted to keep the 
blood glucose concentration at approximately the preoperative level. 
Each eviscerated dog also received unmodified insulin by subcutaneous 
injection as follows: 2 units when the operation was complete, and another 
2 units 2 hours later. _ 

Test of Completeness of Functional Hepatectomy—lIn the evisceration tech- 
nique used here, the liver is not removed but is rendered functionally 
inactive by severing the portal vein and the hepatic artery. The complete- 
ness of hepatectomy in all of our eviscerated dogs was tested by determin- 
ing the S** content of their livers at the end of the experiment. The whole 
liver was removed and homogenized in a Waring blendor. The proteins 
were precipitated, from samples of the homogenized liver, with trichloro- 
acetic acid (TCA). The protein S** and non-protein S** were determined 
separately after the manner described for total non-protein $** of plasma, 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
t Fellow of the Atomic Energy Commission. 
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except that no carrier sulfate was used with the liver protein. A negligible 
amount of non-protein S** was always present and might easily have re- 
sulted from adsorption on, or penetration through, the liver surface. On 
the other hand, the liver profes S* was nearly zero in all dogs reported 
here, 

Test of Funetronal Intactness of Adrenals When the kidneys are re 
moved, there ia chance that the circulation to the adrenals interrupted, 
To make certain that the adrenal cireulation of the animals reported here 
was intact, both protem and non-protein were determined separately 
on each gland.! The data showed clearly that, in all dogs, the circulation 
to both adrenals was patent. 


Methods of Analyses 


Treatment of Blood Samples—Blood samples were taken from a femoral 
artery, with heparin as an anticoagulant. Plasma proteins were precipi- 
tated from 10 per cent TCA by adding an equal volume of 20 per cent 
TCA to a 1 ml. aliquot of plasma. The mixture was centrifuged and the 
supernatant was decanted. The precipitate was washed three times with 
5 per cent TCA, and the washings were combined with the original super- 
natant.2, The sulfur associated with the TCA-soluble fraction will be re- 
ferred to here as non-protein sulfur. 


Determinations on Plasma 


Total Non-Protein S**—The TCA supernatant and washings from each 
plasma sample (obtained as described above) were digested with 10 ml. of 
Pirie’s perchloric acid reagent (4) after the addition of enough H2SO, to 
make the final amount of sulfate about 25 uM in all determinations. After 
digesting for 24 hours or more in a 100 ml. Kjeldahl flask, all of the sulfur 
originally present is oxidized to sulfate. Even though methionine is one 
of the most difficult sulfur compounds to oxidize completely, quantitative 
oxidation of its sulfur can be achieved by this method. At the end of the 
digestion period, the heat was increased to drive off the residual perchloric 
acid. After cooling, 2 ml. of 6 Nn HCl were added, and the mixture was 
heated to dissolve the residue. This HCl solution was then evaporated to 
dryness by keeping the flask in motion over a burner. The resulting resi- 
due was dissolved and transferred quantitatively to a 100 ml. beaker by 
using 25 ml. of water. Sulfate was precipitated by adding 10 ml. of a 


1The procedure was like that used for liver, except that homogenization was 
replaced by mincing with a razor blade. 

2 In order to test this procedure, S*5-methionine was added to normal dog plasma. 
When the proteins were precipitated and washed in this manner, less than 0.5 per 
cent of the S*5 remained in the precipitate. 
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benzidine reagent,’ and precipitation was allowed to continue for at least 
16 hours at about 5°. The suspended precipitate of benzidine sulfate was 
poured through a glass cylinder onto a Whatman No. | filter paper sup- 
ported on a sintered glass plate,? according to the procedure of ‘Tarver 
and Schmidt (5). Suction was used to facilitate filtration, and consider. 
able care was exercised to spread the precipitate evenly over the fixed 
area exposed by the eylinder, After filtration, the precipitate wan washed 
twee with SO per cent aqueous acetone, and then onee with pure, redis- 
tiled aeetone.  Tinally, the precipitate and filter paper were dried under 
an infra-red lamp, while held flat by suetion on another sintered glass 
plate. ‘The S*° content of the preeipitate was measured with an end win- 
dow CGeiger-Miller counter." During this measurement, the filter paper, 
with its precipitate, was clamped in a carefully machined holder which 
permits very accurate duplication of counting geometry. After the radio- 
activity determination, the filter paper and its precipitate were placed in 
a flask and titrated, while hot, to the phenol red end-point with 0.01 N 
NaOH. From the quantity of base required in the titration, the total 
amount of sulfur present as benzidine sulfate at the time of the radio- 
activity measurement was calculated. Then, the radioactivity value was 
corrected for any small difference in self-absorption, from the standard 
value of 25 um of sulfate, by use of a mass absorption curve for benzidine 
sulfate. The amounts of material taken for analysis were adjusted so that 
the self-absorption correction was never greater than 5 per cent. 

Sulfate S**—This fraction, which includes the ethereal sulfates, was de- 
termined as follows: 2 ml. of 2 N HCl were added to the TCA supernatant 
and washings (prepared as described above from a separate aliquot of 
plasma). About 25 um of carrier sulfate were also added. The mixture 
was evaporated very slowly to dryness on a steam bath, and the residue 
was dissolved in 25 ml. of hot water. The sulfate was precipitated directly 
from this solution, with benzidine. The remainder of the procedure was 
the same as that described above for the determination of total non-pro- 
tein S** of plasma. Contamination of the benzidine sulfate precipitate 
| with S*>-methionine, present in the precipitating medium, was found to be 
negligible. 

Non-Protein Organic S**=—This is obtained by subtracting the value for 
sulfate S*° of plasma from the value for total non-protein S** of plasma. 


* This solution contains 4 per cent benzidine dihydrochloride in 0.4 xn HCl. 

4 The glass cylinder (made from Pyrex tubing) was 6 em. long and 2.8 em. inside 
diameter. One end was ground flat to insure intimate contact with the filter paper. 
The sintered glass plate was also ground flat on one side; the other side was ce- 
mented to the top of a 1 liter filter flask. 

5 The mica windows of the counting tubes had a diameter of about 5.5 em. and a 
thickness of 1.5 to 1.7 mg. per sq. em. 
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Labeled Methionine Soluttons—Preparation of the S**-labeled pL-methio- 
nine has been described elsewhere (6). For experiments in which 7.5 or 
10.0 mg. of methionine were used, the methionine was dissolved in 10 ml. 
of isotonic saline. For the experiments with 500 and 1000 mg. the 
methionine was dissolved in 15 and 30 ml. of distilled water, respectively, 
and the pH of the solutions was adjusted to 7.3 + 0.2. These solutions 
are also approximately isotonic. The solutions were prepared immediately 
before use and were slowly injected, while warm, into a saphenous vein of 
the dog. 


Tanie 
Oridation of Intravenously Injected Methionine S*® to Sulfate by Merscerated Dog 


‘or cent of 
methio: alter ound in present as 
Weighta® nine methionine 
injected? injection form er 100 | Organi | Sultatet 
he keg. me. hrs. | 
9.2 7.8 7.5 | 1.46 | 2 
3 0.98 96 | 4 
5 0.82 4 6 
9.1 7.8 500 1 1.88 97 3 
3 1.50 96 4 
4 1.36 94 6 
8.5 | 7.4 10.0 6 0.92 95 5 


*(1) is the weight of the dog just before nephrectomy or evisceration; (2) is the 
weight of the eviscerated dog, which is functional after evisceration (it is weight (1) 
minus the weight of the viscera removed and minus the liver weight). 

+t See the experimental section. 

t The ethereal sulfates are included here. 


Results 


All the dogs received essentially the same treatment during the 2 weeks 
before operation (bilateral nephrectomy or evisceration®), and at the time 
of operation all had been deprived of food for 18 hours. Immediately 
after the operation, each dog was given an intravenous injection of S*- 
labeled methionine. The administration of the anesthetic (ether) was dis- 
continued a short time before completion of the operation. Thus, during 
most of the postoperative period, the animals were awake and walked 

6 In this paper the term ‘‘evisceration”’ refers to removal of both kidneys in addi- 


tion to the spleen, pancreas, and entire gastrointestinal tract; the liver is function- 
ally removed by severing the portal vein and hepatic artery. 
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around in their cages. Water and food were withheld during the post- 
operative period. However, the eviscerated dogs were given periodic in- 
jections of glucose and insulin as described in the experimental section. 

Blood samples were taken at various times after the methionine injec- 
tion, and the total non-protein S** of plasma and sulfate S* of plasma were 
determined. The difference between these two is the non-protein organic 

The data, recorded in Table I, show that methionine S* is readily oxi- 
dized to sulfate in the nephrectomized dog, but, in the absence of the liver 
and other abdominal viscera, this oxidation almost stops. 

Hematocrits and plasma protein concentrations were determined on all 
blood samples. No significant deviation from normal was found in any 
sample, 

Mviseeration as carned out here deprives the dog of its liver, kidneys, 
spleen, pancreas, and entire gastromtestinal tract. ‘The defect in oxida- 
tion observed here is not the result of removal of the kidneys, for oxidation 
occurred readily in the bilaterally nephrectomized dog. In view of the 
versatility of the liver, this organ may well be the main site for the oxida- 
tion of methionine sulfur to sulfate. 

It is of interest to note that, despite the failure in oxidation of methio- 
nine S*® to sulfate, its conversion to cystine does occur in the eviscerated 


dog (1). 


SUMMARY 


1. The oxidation of intravenously injected methionine S** to sulfate was 
compared in bilaterally nephrectomized dogs and eviscerated dogs. 

2. This oxidation occurred readily in the nephrectomized dog but not 
in the eviscerated dog. 

3. It is likely that the oxidation of methionine sulfur to sulfate occurs 
mainly in the liver. 
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Injcs Lion of insulin into the normal, intact dog induces a fall in the con- 
centration of blood amino acids. The most detailed study of this effect 
was riade by Lotspeich (1). He measured ten essential amino acids by 
mic) obiological methods and found that the proportions of the various 
araino acids that disappear from the circulating plasma of the fasted nor- 
raal dog, after the injection of insulin, are similar to the proportions of 
those same amino acids found ino skeletal muscle, Although this work 
that insulin promotes the synthesis of protem from eimeulating 
amino neids, the aetual fate of the disappearing camino acids was not de- 

The eviecerated animal os deprived of the main tissues whieh degrade 
amino and Mirsky made use of this tact to atudy the aetion of 
linon nitrogen metabolism. He showed that, in eviseerated dogs, the eon 
centration of blood amino acid slowly rises, and that insulin suppresses 
this rise (2). This effeet of insulin has been confirmed, in the eviseerated 
rat, by Russell and her associates (3, 4) and by Ingle ef a/. (5). Although 
these findings are often interpreted to indicate that insulin is concerned 
with protein metabolism, it should be emphasized that the concentration 
and quantity of amino acids, in non-protein forms in tissues, are several 
times those found in plasma (6-8). Thus the disappearanc : of a quantity 
of amino acids from the plasma, considerably reducing their plasma con- 
centration, may have no appreciable effect on their concentration in tis- 
sues. For this reason, caution must be exercised in drawing conclusions 
regarding protein metabolism from changes in blood amino acid concen- 
tration alone, even in the eviscerated animal. 

In this laboratory, the relation of insulin to nitrogen balance was re- 
cently investigated in depancreatized dogs in which the daily intake of 
nitrogen and other dietary constituents was maintained constant by feeding 
a synthetic mixture (9). In animals so treated, a negative nitrogen bal- 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
+t Fellow of the Atomic Energy Commission. 
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ance occurred when the administered insulin was reduced below a certain 
level. The response in nitrogen excretion to alterations of insulin admin- 
istration was fairly rapid. Asa rule, changes appeared in the same 24-hour 
interval in which the change in the amount of insulin administered was 
effected. The changes in nitrogen balance were due almost entirely to 
changes in the amount of urea excreted. This means that the extra nitro- 
gen eliminated by the dog receiving insufficient insulin probably had its 
source in amino acids. Since the amounts of free amino acid nitrogen and 
other non-protein nitrogen found in the dog are insufficient to account for 
the continued net loss of nitrogen, it was inferred that, in the absence of 
an adequate supply of insulin, a net loss of body protein occurs. The 
recent observations of Hoberman, with alloxan-diabetic rats, indicate that 
this net loss of body protein is due to a decreased rate of synthesis of pro- 
teins rather than to an increased rate of catabolism of proteins or amino J 
acids (10). Since his work was based on data for excretion, it dealt with c 
an average rate of synthesis for all of the different proteins in the rat. 1 


rr 


In the present investigation, the tissue containing the bulk of body t 
protein, namely muscle, has been studied. We have compared the rates of c 
formation of muscle protein in diabetic and control dogs by measuring \ 
the amount of radioactive methionine incorporated directly into this pro- ti 
tein after intravenous injection of the labeled amino acid. It was pointed 2 
out elsewhere that the most satisfactory approach to a study of the anti- nm 
diabetic action of insulin is obtained by using an animal completely de- fo 
prived of its endogenous supply of insulin (9), For this reason, the de- St 
pancrentized dog was used, di 

WX PE TAL of 
Phe treatment of normal dogea i deserbed in the preceding paper 

Depancreatized Dogs Alter pancreatectomy, dogs were fed the follow: 
ing meal twice daily: 250 gm, of lean horse meat, 50 gm. of raw pancreas, ag 
5O gm. of sucrose, 5 gm. of bone ash, and 5 ml. of Galen “B" (a rice bran ola 


concentrate containing the B vitamins). At the morning meal, 1.5 gm. of 
salt mixture (12) and 3 ml. of fortified sardine oil (to supply vitamins A 
and ID) were added. Unless it was desired to make the dog diabetic, 8 
units of unmodified insulin! were injected subcutaneously at each feeding. 
Diabetes is fairly well controlled in most depancreatized dogs with this f 

rol 
diet and the 16 units of insulin per day. However, it is common for a dog nets 
to lose about 10 per cent of its body weight after pancreatectomy, and to fror 
become stabilized at the lower weight level. Depancreatized animals were sin 
not used in experiments until after the wound had healed completely, and of + 


1 We are grateful to Eli Lilly and Company for the insulin used in this study. froz 
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then only if the animal had shown a good appetite and appeared to be in 
good condition. The completeness of pancreatectomy was confirmed at 
necropsy. 

Diabetic Dogs—All dogs reported here as diabetic were depancreatized 
animals which had been deprived of insulin injections for 3 days before 
evisceration. 

Eviscerated Dogs—The evisceration technique has been described else- 
where (13). Ether was the only anesthetic used for the operations, and, 
after each operation was completed, the dog was permitted to recover 
from the anesthetic. Thus, during most of the postoperative period of 
study, the animals were unanesthetized. Food and water were always 
withheld after the operation. 

After evisceration, each dog received hourly intravenous injections of 
10 per cent glucose; the amount administered was adjusted to keep the 
concentration of blood glucose at approximately the preoperative level. 
The eviscerated, control dogs also received unmodified insulin by subcu- 
taneous injection as follows: Normal controls, which had an intact pan- 
creas before evisceration, were given 2 units of insulin when the operation 
was complete, and another 2 units two hours later. Depancreatized con- 
trols were given 6 units of insulin when the operation was begun, 8 units 
2 hours after completion of the operation (evisceration requires about 15 
minutes), and 8 units after another hour. In the 5 hour experiments, a 
fourth injection of 8 units was given at the 4th hour after evisceration, 
Sufficient glucose was administered to prevent fall of the blood glucose 
due to the insulin injections, 

The functional completeness of hepatectomy and funetional mitactnens 
of adrenal caeulation were established in all animals reported here by the 
lente denembed in the preceeding paper (EL), 

Preparation of Labeled Methionine Solutions  ‘Vhese are deserbed in the 
preceding paper (LL), 

Analytical Procedures —Vhe determinations of total non-protein of 
plasma and sulfate S* of plasma are deseribed in the previous paper (11). 

Determination of Muscle Protein S**—Samples of muscle protein were 
prepared in the following manner. ‘The dog was anesthetized with pento- 
barbital. ‘The hind leg not used for the methionine injection was thor- 
oughly perfused with isotonic saline to remove as much blood as possible 
from the muscles. The isotonic saline was introduced into the femoral 
artery under a pressure of about 90 cm. of water until the fluid escaping 
from the severed femoral vein became colorless. The perfused muscles 
were separated and carefully freed of excess connective tissue. Portions 
of the desired muscle were excised for analysis. The muscle samples were 
frozen in liquid nitrogen and ground in an iron mortar. Aliquots of this 
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ground muscle, each containing about 25 uM of protein sulfur, were taken 
for analysis. Each aliquot was weighed (at room temperature), placed 
in a 15 ml. centrifuge tube, and suspended in a few ml. of water. An 
equal volume of 20 per cent trichloroacetic acid (TCA) was slowly added 
with vigorous stirring. The precipitated proteins, separated by centrifu- 
gation, were washed with 5 per cent TCA as described for plasma. To 
assure penetration of the tissue fragments, each washing was allowed to 
stand at least 24 hours at about 5°, and five washings were always used.? 
Fach protein precipitate was digested with Pirie’s reagent (14), without 
added carrier sulfate. The rest of the procedure was like that for total 
non-protein S** of plasma. 

Separation of Methionine and Cystine—Muscle protein was precipitated 
and washed with TCA as described above. This precipitate was hydro- 
lyzed, and the methionine and cystine were separated according to the 
procedure of Simpson and Tarver (15). 


Results 


I. Comparison of Rates of Incorporation of S*5, Administered Intravenously 
As Methionine, into Muscle Protein of Eviscerated-Diabetic and Eviscer- 
ated-Normal Dogs 


Normal dogs were fed a standard diet (11) and had been under observa- 
tion for several weeks prior to evisceration. ‘Treatment of the depancrea- 
tized diabetic dogs is described in the experimental section. At the time 
of evisceration, all the animals had been deprived of food for 18 hours. 
Immediately after evisceration,® each dog received an injection of S**-la- 
beled pi-methionine by way of a saphenous vein. During most of the 
postoperative period, the animals were unanesthetized, since the admin- 
istration of ether had been discontinued a short time before the operations 
were completed. All animals were given glucose injections at regular in- 
tervals, and, since the pancreas is removed at evisceration, the controls 
received small amounts of insulin in addition to the glucose (see the ex- 
perimental section). 

At three different times, after injection of the labeled methionine, blood 
samples were taken from the femoral artery. After removal of the final 
blood sample, a hind leg was perfused with isotonic saline, and a sample 
of the gastrocnemius muscle was excised. At that time, the liver and 
adrenal glands were also taken for control purposes. 


2 Preliminary experiments showed that this washing procedure does not liberate 
a significant amount of S*° from the proteins of the precipitate. 

$In this paper the term ‘‘evisceration’”’ refers to removal of both kidneys in 
addition to the spleen, pancreas, and entire gastrointestinal tract; the liver is 
functionally removed by severing the portal vein and hepatic artery. 
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Determinations of total non-protein S*°, sulfate S**, and non-protein 
organic S** (the difference between the first two) were made for each plasma 
sample. The data, recorded in Table I, confirm our observation (11) that 
very little methionine S** is oxidized to sulfate in the absence of the liver 
and other abdominal viscera. 


TABLE I 


Incorporation of Intravenously Injected Methionine S* into Muscle Protein of 
Eviscerated Dogs (Normal and Diabetic) 


Ex- Eviscerated Labeled val. |peotein form, per ‘100 ml. “ted 
peri- methio- plasma muscle | of 
Weichts* injectedt ionine pee 
Dog Type ‘on Total Organic Sulfatet muscle 
(1) | (2) | | muscle | 
kg. | keg. mg. hrs. mg. 
1 | A | Control | 9.5 8.1) 7.5) 1.21.51 1.47 | 0.04 
3.3 0.96 | 0.91 | 0.05 | 
5.0 0.85 0.79 0.06 168 0.44 2.6 
B | Diabetic]]| 9.6 7.2 7.5/1.0 2.43 2.38 
3.0) 1.76 1.72 0.04 | 
5.0 | 1.62 1.57 | 0.05 157) 0.16 1.0 
2 C | Control 9.4 8.3, 500 1.0) 1.95 1.90) 0.05 | 
3.0 1.56 1.50 | 0.06 | 
4.0 1.42 1.32) 0.10) 151 | 0.34, 2.3 
D  Diabetie|! 9.5) 7.2, 500 | 1.0) 2.48 2.40 0.08 | | | 
3.1 | 2.15 | 2.08 0.07 | | 
| | 1.0 | 2.23 | 2.16 | 0.07 | 146 | O.075 OS 


* (1) is the weight of the dog just before evisceration; (2) is the weight of the 
dog which in functional after evisceration (it is weight (1) minus the weight of the 
vincera removed and minua the liver weight), 

In Experiment each dog received 7.5 mg. of labeled Tn 
ixperiment 2, 7.5 mg, of the same S*-methionine used in experiment were com. 
bined with enough unlabeled pi-methionine so that the solution injected into each 
dog (C and D) contained 500 mg. of labeled methionine. Thus, each of the four 
dogs received the same amount of radioactive sulfur. 

t The ethereal sulfates are included here. 

§ Per cent of injected S** found in protein per gm. of protein sulfur. 

|| Depancreatized dog deprived of insulin for 3 days before evisceration. 


Of considerable importance to the study of the rates of muscle protein 
formation is the fact that, in these eviscerated dogs, the levels of non- 
protein organic S*® of plasma (which includes the precursor to muscle 
protein $**) were fairly constant during most of the 4 or 5 hours. This 
may be seen graphically in Fig. 1 where the amount of non-protein organic 
S®> of plasma is shown as a function of time. Since the rates of degrada- 
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tion and utilization of methionine sulfur are low in the eviscerated dog, it 
is reasonable to assume that non-protein organic S** reflects methionine 
$35, Owing to technical difficulties, the actual specific activity of the frac- 
tion was not measured, but it 1s quite unlikely that differences of precursor 
specific activity existed, between the dogs being compared, which could 
account for the observed differences in the specific activity of muscle pro- 
tein. This should be especially true in the experiment with 500 mg. 


100 TI 
80+ 


607 DOG A Oo C O 


DOG B @ DOG D @ 
20f 


— 


PER CENT OF INJECTED $935 


O | 2 2 4 5 O | 2 3 4 
HOURS AFTER INJECTION 

Fic. 1. Percentages of the injected S** recovered as non-protein organic $* of 
the total circulating plasma at various intervals after the intravenous injection of 
S*-labeled methionine. Dog A (eviscerated, normal) and Dog B (eviscerated, dia- 
betic) received 7.5 mg. of labeled methionine; Dog C (eviscerated, normal) and Dog 
D (eviscerated, diabetic) received 500 mg. of labeled methionine. The non-protein 
organic S** of plasma is assumed to be 100 per cent of the injected S** immediately 
after injection of the S*5-methionine. At later intervals, the ordinate values were 
calculated with the assumption that the plasma volume is 5 per cent of body weight 
(after evisceration). 


d 


Hematocrits and plasma protein concentrations were determined for all 
blood samples. All values were within the normal ranges. 

The quantities of total sulfur and S** in the muscle protein were deter- 
mined; these results are also shown in Table I. In both Experiments 1 
and 2, which differed principally in the amount of methionine injected, 
considerably less S*® was found in the muscle protein of the eviscerated, 


‘It will be shown later that the transfer of methionine sulfur to cystine occurs 
in the eviscerated dog. However, the extent of this conversion is not sufficient to 
invalidate the reasoning used here. In addition, the conversion occurred to about 
the same extent in each of the animals being compared. 
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diabetic animal than in its eviscerated, normal control. Since the total 
protein sulfur content of all of the muscle samples was essentially con- 
stant, the same interpretation is reached whether the per cent of the in- 
jected S** incorporated into muscle protein is expressed per 100 gm. of wet 
muscle or per gm. of muscle protein sulfur (specific activity). 

In view of the magnitude of the difference in S** content of muscle pro- 
tein between the diabetics and their controls, and particularly since the 
level of non-protein organic S**° of plasma (which includes the precursor) 
was actually higher in the diabetic animals than in their controls, it is 
reasonable to conclude that, in diabetes, the rate of incorporation of plasma 
methionine into muscle protein is reduced. 


II. Effect of Insulin on Incorporation of S**, Administered Intravenously As 
Methionine, into Muscle Protein by Eviscerated, Diabetic Dog 


In order to determine whether the decreased rate of incorporation of 
methionine S** into muscle protein of the diabetic is the result of insulin 
deprivation per se, or of some other effect produced by removal of the 
pancreas, we compared the rates of incorporation of intravenously ad- 
ministered methionine S* into muscle protein in two groups of eviscerated, 
depancreatized dogs, one injected with insulin, the other not. Both groups 
of dogs received the usual treatment for about 2 weeks following pan- 
createctomy. Their treatment differed only during the 3 days preceding 
the administration of the S**-methionine and, of course, during the 4 or 
5 hours after that injection. The twice daily insulin injections were not 
interrupted in the control dogs, but were withheld from the diabetics dur- 
ing the 3 days. All dogs were fed the meat-raw pancreas-sucrose diet 
throughout, but were in the postabsorptive state at the time evisceration 
was performed. §$*5-labeled methionine was injected into a saphenous vein 
of each dog immediately upon completion of evisceration, and, during the 
postoperative period, the eviscerated dogs were treated as described in the 
experimental section. Three different muscles from the perfused leg of 
each dog were studied, and the results are recorded in Table IT. 

It is evident from the data presented in Table IT that, whether expressed 
on the basis of per 100 gm. of wet muscle or on the basis of per gm. of 
muscle protein sulfur (specific activity), the dogs deprived of insulin for 
3 days incorporated much less of the administered S*° into muscle protein 
than did their controls. Since both diabetics and controls were depan- 
creatized, and differed only in that the latter were under insulin treatment, 
it may be concluded that the depressed rate of incorporation of plasma 
methionine into muscle protein is the result of insulin deficiency. The 
data in Table II indicate considerable uniformity for the three muscles 
studied. 


4 
f 
g 
n 
y 
e 
t | 
ll 
l 
8 
it 


44 


TABLE II 


FORMATION OF MUSCLE PROTEIN 


Incorporation of Intravenously Injected Methionine S**5 into Muscle Protein of 
Eviscerated, Depancreatized Dogs, with and without Insulin 


| Per | 
viscerated, P njec- 
depancreatized Inter- tein S ted ~% 
Ex- beled afte tent of| im, | activ- 
peri- Control of meth- ~ Muscl ent Ol! muscle! ity of 
ment diabetes ionine| ™€! pro- |muscle 
No. Weights* imine. | tein | pro- 
eights tedt per | tein 
Dog muscle = sulfur} 
| (1) @) | | 
| kg. | kg. | keg. | mg. | hrs. meg. 
3 | E 7.07.05.7 With insu- | 7.2 5 | Gastroenemius 154 0.66 | 4.3 
| iin} | Semimembranosus, 143 |0.58 | 4.1 
| | | Semitendinosus 159 (0.71 | 4.5 
8.06.85.3 No insulin! 7.2 5 | Gastrocnemius 146 0.17 | 1.2 
| | | _ for 3 days | Semimembranosus, 148 |0.18 | 1.2 
| Semitendinosus | 151 |0.16 | 1.1 
4° 7.5 7.56.1 With insu-500 4 Gastrocnemius 145 |0.29 | 2.0 
| | Semimembranosus, 142 |0.30 | 2.1 
| 4 Semitendinosus 144 (0.25 | 1.8 
9.0'7.56.1 No insulin |500 4 | Gastrocnemius 150 (0.090, 0.60 
| | | for 3 days Semimembranosus 138 |0.090) 0.65 
| os oe Semitendinosus | 146 0.057 0.39 


* (1) is the weight of the depancreatized dog just before insulin was discontin- 


ued; (2) is the weight of the dog just before evisceration; (3) is the weight of the 
dog which is functional after evisceration (weight (2) minus the weight of the vis- 
cera removed and minus the liver weight). 

+ In Experiment 3, each dog received 7.2 mg. of S**-labeled pt-methionine. In 
Experiment 4, 7.2 mg. of the same S35-methionine used in Experiment 3 were com- 
bined with enough unlabeled pL-methionine so that the solution injected into each 
dog (G and H) contained 500 mg. of labeled methionine. Thus, each of the four 
dogs received same amount of radioactive sulfur. 

t Per cent of injected S*5 found in protein per gm. of protein sulfur. 

|| The controls received regular insulin injections, twice per day, until the day of 
evisceration. After evisceration, they received frequent insulin injections as de- 
scribed in the text. 


III. Form in Which S*®* Was Incorporated into Muscle Protein 


By use of S**-labeled methionine, Tarver and Schmidt (16) have shown 
that methionine may be used as a source of cystine sulfur. The data 
presented in Table IIT indicate that this conversion also occurs in the 
eviscerated dog. 

‘Two main pathways are available for the incorporation of the admin- 
istered S*® into the molecules of muscle protein; namely, a direct one in- 
volving methionine itself, and an indirect one involving the conversion of 
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methionine sulfur to cystine (or cysteine) and the incorporation of the 
latter into the protein molecules. The indirect pathway might predomi- 
nate, for example, if a large amount of cysteine entered essentially intact 
protein molecules by way of the disulfide bonds. 

Since it is possible that a considerable part of the S*®* found in muscle 
protein entered by the indirect pathway, we must recognize the possibility 
that the preceding results might have been due either to (a) an actual 
interference in protein formation or (6) an interference in some step of the 
indirect process. Therefore, samples of gastrocnemius muscle protein, 


TABLE III 


Relative Amounts of S*5, Found As Methionine and As Cystine, in Muscle Protein of 
Eviscerated, Depancreatized Dogs, with and without Insulin* 


_ | Eviscer- Interval | sPecific activity of Relative 
Experi- ated, ; Labeled posi amino acid St specific 
ment depan- Control of diabetes methionine | .thionine activity of 
mg. hrs. 
3 E Controlled with 7.2 5 5.6 1.4 0.24 
insulin 
F Deprived of in- 7.2 5 1.4 0.30 0.21 
sulin 3 days 
4 G Controlled with | 500 4 2.3 1.0 0.43 
insulin 
H Deprived of in- | 500 4 0.56 0.19 0.34 
sulin 3 days | 


* The same dogs as in Table II. However, only the gastrocnemius muscle was 
used for the methionine-cystine separations. 

t See foot-note to Table II. 

t Per cent of injected S*5 found in muscle protein in the form of the particular 
amino acid per gm. of the particular amino acid sulfur. 


from the dogs described in Section II, were analyzed for methionine $** 
and cystine S**. The results’ shown in Table III demonstrate that the 
major pathway for the incorporation of S** into muscle protein in the 
eviscerated dog is the direct one; thus the conversion of methionine S** to 
cystine S** does not alter the conclusions drawn in Section II. 

It is of interest that the conversion of methionine sulfur to cystine (or 
cysteine) proceeds in the absence of the liver and other abdominal viscera 
both in the diabetic and in the insulin-treated dogs. Relative specific ac- 
tivities of cystine sulfur to methionine sulfur may be used as rough indices 
of the rates of this conversion during the experimental period. Since the 
relative specific activities, as shown in the last column of Table IIT, do 
not differ greatly between each diabetic and its control, the relative 


*’ The method used gives the sum of the cystine and eysteine sulfur, 
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amounts of cystine S*® and methionine S* available for incorporation into 
muscle protein must have been about the same in the animals being com- 
pared. Thus the availability of insulin does not seem to be very impor- 
tant for the transfer of methionine sulfur to cystine sulfur in the eviscer- 
ated dog. 

It may also be noted that the relative specific activities for the dogs 
receiving 500 mg. of labeled methionine are higher than those for the dogs 
receiving 7.2 mg. ‘This is readily explained if the larger doses of methio- 
nine effected an increased formation of cystine, the S** content of which 
was diluted only by the cystine already present in the animal, in contrast 
to the methionine S** which was diluted both by the preexisting methio- 
nine and by that injected. 

From a knowledge of the specific activities of the protein total sulfur 
(Table II, gastrocnemius muscle only), protein methionine sulfur, and pro- 
tein cystine sulfur (Table III), it is possible to calculate the proportions 
of sulfur in muscle protein present as methionine and as cystine. When 
this was done for Dogs E, F, and G,* the per cent of the muscle protein 
total sulfur present as methionine was found to be 69, 75, and 79, respec- 
tively. The average value of 74 per cent compares well with values in 
the literature. Thus, from the mean values given by Block and Bolling 
(17) for the methionine and cystine content of muscle protein, we can cal- 
culate that 71 per cent of muscle protein total sulfur is present as methio- 
nine. Similarly, from the values given by Bailey (18) for dog myosin, 
77 per cent of the protein total sulfur is present as methionine. This 
agreement is important for the present study, because it justifies the as- 
sumption that the sulfur content of the trichloroacetic acid precipitate 
from perfused muscle is due to muscle protein. 


DISCUSSION 


The rate at which S* is incorporated into muscle protein, at any in- 
stant after the injection of S**-methionine, depends not only upon the 
rate at which methionine is being incorporated into muscle protein, but 
also upon the specific activity of the methionine. Ideally, the specific 
activity of methionine sulfur at the site of muscle protein formation should 
be determined. However, because of the technical difficulties involved in 
such a determination, the non-protein organic S** of plasma was considered 
to represent the actual S** precursor of muscle protein.’ In a compara- 


6 The values for Dog H were not sufficiently accurate for this calculation. 

7In the early experiments, the S** content of the combined TCA supernatants 
and washings from muscle protein was measured. Uniform findings were not ob- 
tained, because perfusion removes variable amounts of TCA-soluble compounds 
containing S** from the extravascular regions of the muscle. This precluded our 
use of this fraction as the precursor of the protein S*°. 
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tive rate study, valid information may be obtained provided we have 
reason to believe that (a) the precursor specific activity-time functions in 
the two animals being compared are about the same, 7.e., that the specific 
activity of the precursor in the diabetic is about equal to that in the con- 
trol at all times after injection, and (b) the specific activity of the precursor 
does not change very rapidly during most of the period studied. 

In preliminary experiments, S**-labeled methionine was injected intra- 
venously into normal dogs and into dogs rendered diabetic by pancreatec- 
tomy (but otherwise intact). It was found that the urinary excretion of 
S*5 by the diabetics far exceeded that of the controls. As a result, the 
amount of amino acid S** available for incorporation into protein was 
considerably lower in the diabetics. When nephrectomized dogs were 
used, another difficulty was encountered. The nephrectomized diabetic 
dogs did not oxidize the methionine S** to sulfate so rapidly as did the 
nephrectomized controls. 

It seemed likely that the two conditions for a comparative study as 
outlined above could be satisfied by removal of the liver as well as the 
kidneys, and for the present study complete evisceration (including neph- 
rectomy) seemed to offer certain advantages over hepatectomy alone. 
This animal preparation does not excrete S** and, in addition, is deprived 
of the tissues most active in the degradation and utilization of methi- 
onine sulfur. It is shown here that in eviscerated dogs the plasma level 
of non-protein organic S** drops rapidly after the injection of S**-methi- 
onine, but after the lst hour the plasma level remains nearly constant 
for the next 3 or 4 hours. Hence, throughout most of the experimental 
period (at least in the case of the 500 mg. experiments), the plasma pre- 
cursor activity may be assumed to be essentially constant. After the 
Ist hour, the activity of the precursor within the cells could not have 
changed very much either, since such a change would necessarily be ac- 
companied by a change in plasma. It dppears, therefore, that the pre- 
cursor requirements for the study of the formation of muscle protein with 
S*5-labeled methionine, in diabetes, are satisfied in the eviscerated dog. 

In the present study with eviscerated dogs, the diabetics exhibited a 
3- to 5-fold decrease in the amount of S** incorporated into muscle pro- 
tein during the intervals studied. This defect was corrected by the ad- 
ministration of insulin. Since the diabetics had more plasma precursor 
S** available than did their controls, this difference in protein S** may be 
even more significant. Thus, these results strongly suggest that the rate 
of synthesis of muscle protein is decreased in diabetes. 

The turnover of muscle protein is slow compared with that of many 
other tissue proteins.. Muscle protein, however, accounts for more than 


§ From the data presented here, it may be estimated that only about 0.2 per cent 
of the dog’s total muscle protein sulfur was replaced during the 4 hour experimental 
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half of the total protein present in a dog. For this reason, the present 
findings are important in over-all protein metabolism. 


SUMMARY 


1. The rate of incorporation of methionine S* into muscle protein was 
compared in three groups of dogs: normal, diabetic, and diabetic injected 
with insulin. Labeled methionine was injected intravenously, and the 
incorporation of S** into muscle protein was determined. In order to 
standardize precursor conditions, it was found desirable to use eviscerated 
dogs (z.e., dogs deprived of the liver, gastrointestinal tract, kidneys, spleen, 
and pancreas). 

2. The rate of incorporation of plasma methionine into muscle protein 
is considerably reduced in diabetes. This defect is corrected by the admin- 
istration of insulin. 

3. These findings strongly suggest that the rate of synthesis of muscle 
protein is reduced in diabetes. 

4. In the eviscerated dog, the conversion of methionine S** to cystine 
S*5 does take place. This conversion does not appear to require insulin, 
for it occurred to about the same extent in the diabetic as in the control. 
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period. Friedberg, Tarver, and Greenberg (19) found, in rats, that muscle protein 
took up relatively little methionine S*5 compared with many other tissue proteins. 
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A recent paper from this laboratory outlined the results of experiments 
designed to determine the nutritive significance of the amino acids in man 
as measured by their réle in the maintenance of nitrogen equilibrium (1). 
The data demonstrate (a) that the ten amino acids previously shown to 
be dispensable for the growing rat are also dispensable for the adult human 
species, and (b) that, in the latter, valine and methionine are indispensable 
dietary components. The present paper extends these studies to threo- 
nine and histidine. 


EXPERIMENTAL 


The reader is referred to the preceding paper of this series (1) for a full 
description of the general procedures employed in the conduct of the 
experiments, the methods used in analyzing the foods and excreta, and 
the techniques involved in the preparation of the diets including the 
amino acid solutions and wafers.'! In all experiments, the composition of 
the baking powder which served as a leavening agent for the wafers and 
the daily intakes of inorganic salts and vitamins were kept constant (cf. 
Tables I to III (1)). The amino acid mixtures and wafers varied in 
composition from one experiment to another, depending upon the purposes 
in hand and the caloric requirements of the subjects. In all other respects 
the conditions were uniform. 

In establishing the réle of threonine and histidine several subjects were 
used. In order to conserve space, the results of only two experiments are 
recorded in the present paper. 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

+ The experimental data in this paper are taken from theses submitted by William 
J. Haines and Donald T. Warner in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry in the Graduate College of the 
University of Illinois. 

1The wafers furnished a large part of the energy required by the subjects. As 
explained elsewhere (1), they were composed of starch, sucrose, butter fat, corn oil, 
salts, baking powder, and sometimes Cellu flour. 
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The composition of the amino acid mixtures is shown in Table I. Mix- 
ture A was used in the valine and methionine investigation (1), and also 
in one of the experiments described below. It contained the ten amino 
acids which are essential for the growing rat (2). Mixture B was similar 
to Mixture A, except that it was devoid of histidine. In order to com- 


TABLE I 


Composition and Daily Intakes of Amino Acid Mixtures A and B 


Mixture A Mixture B 
Physiologi- -Physiologi-_ | wi 
cally” | Asused Content’ cally” | As used | Content 

! gm. gm. | gm. | gm. gm. | gm. 

4.91 4.91 0.52 5.34 5.34 0.57 

3.08 6.16* 0.66 3.35 6.70* | 0.71 

3.68* 0.35 4.00 4.00* | 0.37 

3.08 6.16* 0.72 | 3.35 6.70* | 0.79 

Phenylalanine............ | 4.29 4.29 | 0.36 | 4.67 4.67 0.40 

| 226} O96 | 328 | | OS 

6.14 6.69 

monohydrochlo- | 

monohydro- 
chloride monohydrate... 3.32 0.66 

monohydro- * | 

WE 3.68 | 0.98 4.00 | 1.06 

36.81 50.29  6.70f 37.38 | 51.10 | 6.57t 


* Racemic acids. 

+ Of the 6.70 gm. of nitrogen contributed by Mixture A, 1.20 gm. were derived from 
the p isomers of valine, isoleucine, and threonine. 

t Of the 6.57 gm. of nitrogen contributed by Mixture B, 1.31 gm. were derived 
from the bp isomers of valine, isoleucine, and threonine. 


pensate in part for the removal of the latter, the quantities of the other 
amino acids were increased sufficiently to provide essentially the same 
content of total nitrogen in the diets containing the two mixtures. Both 
mixtures contained four racemic acids. The proportions of three of these, 
namely valine, isoleucine, and threonine, were doubled over the desired 
levels on the assumption that the p isomers might not be utilized by man. 
However, the quantity of pLt-methionine was not altered since its two 
optical forms are equally effective in the rat (3). The assumption was 
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made tentatively that a similar situation might exist in the human species. 
Of the 6.7 gm. of nitrogen in Mixture A, 1.2 gm. were derived from the p 
forms of valine, isoleucine, and threonine. The corresponding figures for 
Mixture B were 6.57 and 1.31 gm. Thus, the intakes of nitrogen of known 
effectiveness were quite low. 

In Table II are recorded the composition and daily intakes of two types 
of wafers. The make-up of Wafers I was discussed previously (1) and is 
presented here for purposes of comparison with Wafers II. The latter | 
contained a larger proportion of carbohydrates, particularly starch, and 
were designed to furnish a greater caloric intake and to provide a higher 


TaBLeE II 
Composition and Daily Intakes of Wafers I and II* 
Wafers I Wafers II 
Daily intake Daily intake 

gm. gm. | 
Butter fat (melted, centrifuged)....... 67.00 | 623 7.00 © 620 
Baking powder (starch)................ | 7.60 | a 7.60 | 10 
| 15.00 | | 


| 339.31 1551 | 485.31 2147 


* The daily intakes of Wafers I and II contained respectively 0.19 and 0.30 gm. 
of unknown nitrogen. 
+t After correcting for moisture. 


ratio of carbohydrate calories to fat calories. The unidentified nitrogen 
present in the daily allotment of Wafers I and II amounted to 0.19 and 
0.30 gm. respectively, and was derived almost entirely from the starch. 
Additional calories, as needed, were supplied in the form of sucrose and 
purified butter fat (1). Frequently, the sucrose was used as a flavoring 
agent for the amino acid solutions. The butter fat served as a spread for 
the wafers. 

Two healthy young men, 23 and 28 years of age, served as the subjects 
of the experiments herein described. Both were graduate students in 
biochemistry. Subject W. J. H. had already served in the valine and 
methionine investigation (1). ' Without interruption, he continued upon 
the present tests. At the beginning of the latter he weighed 60 kilos, as 
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contrasted with an initial weight of 59.6 kilos. Except as indicated 
below, he consumed amino acid Mixture A. Throughout, his calorie 
requirements were met by the daily ingestion of Wafers I in addition to 
100 gm, of sucrose and 80 gm. of butter fat. His energy intake was 2889 
calories daily. The unidentified nitrogen from all sources (wafers, extra 
butter fat, liver concentrate used as a supplementary source of vitamins, 
and lemon juice (1)) amounted to 0.32 gm., and his total nitrogen intake 
to 7.02 gm. daily. 


ROLE OF THREONINE AND HISTIDINE 


N ~ THREONINE + 


: 


DAY 
-HISTIDINE + HISTIDINE 
+2 


W.J.H.- 60 KG. 


2 7.02 GM.N, 2889 CAL. 


Fic. 1. The réle of threonine and histidine in the maintenance of nitrogen equi- 
librium in man. 


The nitrogen balance data for W. J. H. are shown graphically in Fig. 1. 
As stated above, the subject had just experienced a methionine deficiency. 
The first 4 days of Fig. 1 represent the after period of the methionine ex- 
periment (cf. (1)), during which the subject received the complete diet 
carrying ten amino acids. As will be observed, he was in strong positive 
balance. The nitrogen retention varied from 0.13 gm. on the Ist day to a 
maximum of 1.38 gm. on the 4th day. Evidently, the subject was com- 
pensating for the loss of nitrogen experienced during the methionine 
deficiency. At the expiration of the 4 day period, threonine was removed 
from the food and the other amino acids were increased sufficiently to 
provide a constant nitrogen intake. The effects of this change manifested 
themselves slowly but unmistakably. For 3 days the degree of nitrogen 
retention progressively diminished, and was followed on the 4th day by a 
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negative balance. On the 6th day of threonine deprivation the nitrogen 
output exceeded the intake by 1.01 gm. With the return to the food of 
the missing amino acid, positive nitrogen balance ensued. 

After 10 days upon the complete diet, histidine was excluded for a 
period of 8 days. ‘To our amazement, no effect upon the nitrogen balance 
was observed. The subject continued to manifest a strong, but somewhat 
variable, nitrogen retention. With the return of histidine to the food 
during the last 3 days of the experiment, again no metabolic alteration was 
noted. Indeed, for the entire histidine experiment, no correlation what- 
ever could be detected between the state of the nitrogen balance and the 
presence or absence of the amino acid. 

The findings with histidine were most unexpected. This amino acid is 
required by all other species thus far tested. At first we viewed our 
observations with skepticism. We suspected that, despite the intensive 
purification of the amino acids, histidine had found its way into the food 
asa contaminant. Careful tests showed this not to be the case. Further- 
more, repetition of the feeding trials with two additional subjects led to 
identical conclusions. Therefore, we were forced to assume, at least 
tentatively, that preformed histidine is not a necessary component of the 
food for the maintenance of nitrogen equilibrium in man. 

Inasmuch as the subject of the experiment outlined above had already 
experienced deficiencies of both valine and methionine, and at the be- 
ginning of the threonine tests was in a state of pronounced retention of 
nitrogen, it seemed advisable to conduct an experiment upon an individual 
who had not previously suffered a negative nitrogen balance. Further- 
more, it appeared that additional evidence concerning the réle of histidine 
might be acquired by using an amino acid mixture which was devoid of 
this compound. If nitrogen equilibrium could be established and main- 
tained from the start upon such a dietary régime, little doubt would 
remain regarding the dispensability of histidine for the purpose in question. 
Accordingly, the experiment upon’B. E. L. was undertaken. This sub- 
ject weighed 73.1 kilos. His daily diet consisted of amino acid Mixture B 
(histidine-free), Wafers II,? 175 gm. of sucrose, and 95 gm. of butter fat. 
One-third of each item was consumed at each of the three meals. The 
total energy value of the food was 3929 calories daily. His daily nitrogen 
intake from all sources was 7.0 gm., of which 0.43 gm. was of an unknown 
nature and was derived largely from the starch. 

After the diet had been consumed for several days, the urine and feces 
were collected and analyzed as explained elsewhere (1). The nitrogen 
balance data for this subject are shown in Fig. 2. Throughout the fore 


2? Wafers II contained no Cellu flour. Subject B. E. L. preferred to ingest this 
material as a water suspension. The daily dose was 15 gm. 
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period of 5 days he manifested a slight positive balance. Emphasis 
should be placed upon the fact that this occurred despite the absence of 
histidine from the food. Beginning with the 6th day threonine was ex- 
cluded, and the other amino acids were raised to maintain a uniform 
nitrogen intake. On the 2nd day of this period, the balance became 
negative and reached a maximum on the 4th day, when the nitrogen 
output exceeded the intake by 1.77 gm. With the return of threonine to 
the diet, positive balance was again established, though with moderate 
fluctuations. Parenthetically, the reader is reminded that fluctuations of 
this kind and magnitude occur frequently, even with adequate protein 
rations. No completely satisfactory explanation of this phenomenon is 
available; but that it does occur accounts for the fact that usually averages 
for a period, rather than daily balances, are shown in experiments of this 


ROLE OF THREONINE AND HISTIDINE 


N BAL. 
- THREONINE + THREONINE 

+] J 

-2 B.E.L.-73.1 KG. 
DAY 7.00 GM.N, 3929 CAL. 


Fic. 2. The réle of threonine and histidine in the maintenance of nitrogen equi- 
librium in man. 


nature. A departure from the customary practice seemed desirable in 
the present investigation in order that the reader might be apprised of 
the trends in the nitrogen balance as alterations were made in the charac- 
ter of the food. 

In Table III is shown the distribution of nitrogen between the urine 
and feces of W. J. H. The corresponding data for B. E. L. were entirely 
comparable, and were omitted to conserve space. As will be observed, 
the removal of threonine from the diet of W. J. H. caused a sharp rise in 
the output of urinary nitrogen, which continued until this amino acid had 
been restored to the food. On the other hand, the exclusion of histidine 
exerted no effect upon the nitrogen distribution. 

Blood samples were removed for analysis at the end of each period. 
The values representing the total plasma proteins and hemoglobin re- 
mained within normal limits. On the other hand, the whole blood non- 
protein nitrogen increased during the period of threonine deficiency, and 
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Réle of Threonine and Histidine in Nitrogen Balance 


Subject, W. J. H.; daily nitrogen intake, 7.02 gm. 
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diminished during the following period when threonine was present in 
the food. For some unexplained reason, the highest value for non-protein 


N output 


Urine 


WN 


Ss 


Blood 

Non- Pla H 
globin 

meg. gm. 
per cent per cent |per cent 

37 7.0 | 15.7 

49 7.6 | 16.4 

36 8.3 15.2 

60 7.4 14.7 


Diet 


Complete; 10 amino acids 


No threonine; 9 amino 


acids 


Complete; 10 amino acids 


No histidine; 9 amino 
acids 


Complete; 10 amino acids 


nitrogen was obtained at the end of the period of histidine deprivation. 
In contrast to this, no effect whatever upon the blood picture was exerted 


| 
| | 
| balance | | | 
| | | Feces | | | 
1.10 | +0.13 | | 
| | 1.10 | +0.79 | 
| 1.10 | +1.37 | | 
4 1.10 | +1.38 | 
| 4 0.85 | +1.32 
| 0.85 | +0.93 | 
| | 0.85 | +0.76— | 
6m | 0.85 | —0.46_ | 
7H | 0.85 | —0.91 | 
10 | 7 0.85 | —1.01 | | 
11 | 7 0.85 | —0.88 j 
12 | —0.25 | 
13 | +0.65 | 
14 +1.28 | | | 
15 | +1.33 
16 | | +1.35 
18 4 | +1.84 | | 
n 19 +0.95 | | 
f 20 48 +1.30. | 
21 | +1.46 | 
23 | 5 | +1.04 | | 
e 24 | +0.65 | 
y 25 | +0.52 | 
1, 26 | +0.86 | | 
27 +0.90— | 
28 +1.58 | 
29 | om | 
31 | 4 | +1.25 | | | 
d. 32 41.17. | | | 
n- 
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by the histidine-free diet in any of the other subjects, including B. E. L., 
who consumed such a ration throughout the experiment. Evidently the 
single abnormal value is unrelated to the exclusion of histidine from the 
food. 

In Table IV are summarized for Subject W. J. H. the data representing 
the distribution of nitrogen between the several urinary constituents. 
The values are period averages, although all components were determined 
at daily intervals. The nitrogen distribution is, for the most part, just as 
one would expect with a normal diet of comparable nitrogen content. 
The one exception is the output of a-amino nitrogen, This is uniformly 
high, probably because of the partial excretion of the p isomers of valine, 
isoleucine, and threonine, ‘The intake of a-amino nitrogen in these forms 
amounted to 1.2 gm, daily. 


Tanie IV 
Urinary Nitrogen Partition (Period Averages) 
Subject, W. J. H.; initial body weight, 60.0 kilos. 


period | mnia | Creat] Cre. | Uris. | | Rest Diet 
days gm. gm. gm. gm. gm. gm. gm. gm. 
4 | 5.00 | 2.75 | 0.49 | 0.54 | 0.01 | 0.11 | 0.78 | 0.32 | Complete 
7 | 6.20 | 4.18 | 0.52 | 0.54 | 0.01 | 0.11 | 0.58 | 0.26 | No threonine 
10 | 5.07 | 2.98 | 0.32 | 0.53 | 0.01 | 0.10 | 0.70 | 0.43 | Complete 
8 5.14 | 2.99 | 0.40 | 0.52 | 0.01 | 0.11 | 0.78 | 0.33 | No histidine 
3 | 4.87 | 2.94 | 0.39 | 0.53 | 0.01 | 0.10 | 0.81 | 0.10 | Complete 


The results of the two experiments given in detail above are in complete 
accord with each other, and demonstrate clearly that threonine is an 
essential component of the diet and that histidine 1s not required for the main- 
tenance of nitrogen equilibrium in adult man. The effects induced by 
threonine deprivation, though unmistakable, are not so profound as those 
which follow the exclusion of valine. They are more nearly comparable 
to the consequences of a methionine deficiency (cf. (1)). Why differences 
in the magnitude of the negative balance should occur when different 
essential amino acids are removed from the ration is not apparent; but 
other illustrations of this sort will be shown in subsequent papers of this 
series. 

With respect to histidine, the data are just as incontrovertible as with 
threonine. Because of the findings described above, histidine has been 
omitted from the mixtures employed in all subsequent experiments, ex- 
cept those which had already been initiated. To date, forty-two different 
individuals have been maintained in nitrogen equilibrium upon diets 
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which were devoid of this amino acid. Whether the dispensable nature 
of histidine, under the conditions of our experiments, reflects the participa- 
tion of alimentary microorganisms in its synthesis cannot be stated. No 
evidence for or against this possibility has been presented. Experiments 
in rats appear to indicate that alimentary microorganisms play a much 
less dominant réle in the formation of amino acids than they do in the 
synthesis of vitamins (4). Furthermore, if histidine is manufactured in 
the intestine of man, the organisms responsible therefor must be quite 
wide-spread in view of the large number of subjects which have been 
maintained without it. Obviously, the present experiments have no direct 
bearing upon the problem of the histidine requirement of the growing 
young. An answer to this question must await the resuits of further 
investigations. 

One additional point affecting the réle of histidine requires brief con- 
sideration. After the publication of a preliminary note (5) summarizing 
the above results, a paper by Albanese, Holt, Frankston, and Irby (6) 
appeared in which the authors outlined alleged reasons “for questioning 
the conclusion that histidine is a non-essential dietary constituent for 
man.’’ It should be emphasized that in our preliminary report and in the 
present paper the only statement made concerning the non-essential nature 
of histidine is that it “is not necessary for the maintenance of nitrogen equi- 
librium in human subjects’ (5). The only criterion used in any of our 
human tests has been the state of the nitrogen balance. Albanese e¢ al. 
(6) confirmed our conclusion that histidine is not required for this func- 
tion. Apparently, their skepticism arises through the fact that their sub- 
jects, though in positive nitrogen balance, lost considerable weight. The 
latter can be explained on the basis of the caloric intakes which they em- 
ployed. These varied from 38 to 43 calories per kilo per day. This 
energy level is insufficient for amino acid diets, as their own data demon- 
strate. The caloric requirements under these circumstances are consid- 
erably higher than on similar rations containing proteins. This fact has 
been discussed briefly in another connection (7). The evidence therefor 
will be presented in a later paper. In no instance have we observed a loss 
in weight upon a histidine-free diet when the subject received a sufficient 
energy supply to maintain him upon a like ration containing histidine. 


SUMMARY 


In continuation of investigations designed to establish the amino acid 
requirements of human subjects, experiments have now shown that threo- 
nine is an indispensable dietary component. Its removal from the food 
induces a pronounced negative nitrogen balance, which is relieved by the 
return to the diet of the missing amino acid. 

In contrast to the réle of threonine, the exclusion of histidine from the 
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- ration exerts no demonstrable effect. This observation, which has been 
confirmed in many individuals, shows that histidine is not necessary for the 
maintenance of nitrogen equilibrium in normal adult man. 
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DEPHOSPHORYLATION OF NUCLEOTIDES; THEIR ANALYSIS 
BY COUNTER-CURRENT DISTRIBUTION 


By JAMES E. BACHER anp FRANK WORTHINGTON ALLEN 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, June 6, 1950) 


The analysis for the pyrimidine constituents of ribonucleic acids has 
long been a difficult problem, because of the stability of the ribosidie and 
phosphoryl bonds of the pyrimidine nucleotides. ‘The nucleotides are very 
soluble in water and are difficult, to separate. There have been several 
aultempts in recent years to overcome the difhiculties. Loring, Ordway, 
and Pierce (1) used ammonia at 140° for 4 to 8 hours to obtain pyrimidine 
nucleosides from ribonuclew acid; the nucleosides were assayed by the use 
of a strain of Neurospora, ‘Vhe authors certain difficulties in 
the procedure,  Vischer and Chargaff (2) described another method for 
hydrolysis under strenuous conditions, Chargatf ef al. subsequently de- 
scribed a procedure (3) based upon a paper chromatographic separation 
of the nucleotides. Cohn (4) has deseribed a procedure in which the 
nucleotides are fractionated by anion exchange. ‘Tinker and Brown (5), 
in a study of the characterization of purines and pyrimidines by the 
method of counter-current distribution, made the statement, ‘and appli- 
cation of the technique for further characterization of nucleic acids must 
await studies of the hydrolysis of nucleic acids and their components.” 

Bamann and Nowotny (6) noted that the lanthanum salt of 8-glycero- 
phosphate is more unstable in alkaline solution than are its salts with 
other metallic ions. The ester #6-glycerophosphate has a stability to 
hydrolysis similar to that of the pyrimidine nucleotides. On the basis of 
such observations, then, a new method has been developed for the de- 
phosphorylation of the pyrimidine nucleotides. The procedure follows. 

2 mg. of the sodium salt of a pyrimidine nucleotide in 1 ml. of water are 
placed in a centrifuge tube. 0.50 ml. of 0.05 M lanthanum nitrate and 0.65 
ml. of 0.1 N sodium hydroxide are added. 

The tube is placed in a boiling water bath. At intervals of 20 minutes, 
0.06 ml. of N hydrochloric acid is added, the suspension is stirred a few 
moments to dissolve the precipitate, and then 0.06 ml. of N sodium hy- 
droxide is added to reprecipitate the lanthanum. The heating is con- 
tinued for a total of 100 minutes. 

The tube is centrifuged for 10 minutes at 1200 & g. The supernatant 
is removed, and 2 ml. of wash water are added. Distilled water, which 
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has been adjusted to pH 10 by the addition of dilute sodium hydroxide, is 
used for the wash. The precipitate is washed twice, dissolved and repre- 
cipitated once, and then washed once more. 

The pH of the pooled supernatants is adjusted to near neutrality, and 
the solution is evaporated to less than 2 ml. on a steam bath. The solu- 
tion is transferred to the first tube of a counter-current machine and the 
vessel is rinsed with aqueous buffer, which is used to fill the first tube. 
The material is distributed with forty to 50 transfers. The aqueous 
solvent which has been used in these studies is 1.0 m sodium chloride and 
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Fig. 1. Distribution of cytidine after forty-eight transfers. ¢ is equal to7z 4+ 1 of 
the text; t.e., the material was introduced into the tube labeled ¢ = 1. 


0.1 m phosphate, pH 7.1. The organic solvent is n-butanol. Reagent 
grade butanol is too highly absorbing in the ultraviolet; it is purified by 
contact with aluminum amalgam for several days, followed by distillation 
in an all-glass apparatus in an atmosphere of dry nitrogen. 

The observed and theoretical distributions for the products obtained 
from the separate hydrolyses of highly purified samples of cytidylic and 
uridylic acids are presented in Figs. 1 and 2. Absorption measurements 
were made at 250, 260, 270, 280, and 290 my in a Beckman model DU 
spectrophotometer. The measurements at different wave-lengths are de- 
pendent with respect to the operation of the machine, but independent 
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with respect to measurements of absorption. Consequently, the distribu- 
tions at different wave-lengths afford partially independent measurements 
of K, the distribution coefficient. 

The values of the distribution coefficients were computed by a hitherto 
unpublishéd method. A counter-current distribution has the property of 
a discrete/ frequency distribution. Such distributions may be character- 
ized by their moments (7). For a counter-current distribution the first 
moment, /or mean position, is given by the expression The 
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Fig. 2. Distribution of uridine after forty transfers. See the legend of Fig. 1 


quantity D; is any measure of the amount of solute in the 7th tube. The 
first tube, into which the solute is mtroduced, should be given the number 
zero (t = O, 1, ete.). The first moment of the binomial distribution is 
equal to nK/(1 + K). Since observed distributions generally fit the ex- 
pected binomial distributions quite well, the expressions for the observed 
and theoretical first moments may be equated. 
nK 
1+K (1) 


> D; 

where s is the number of the last tube which contains a measurable quan- 
tity of solute. The two sums can be calculated simultaneously in 2 or 3 
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minutes with any computing machine which has provision for cumulative 
multiplication. The method applies for any value of n, just as long as the 
advancing limb of the distribution does not overtake the trailing limb dur- 
ing a multiple cycling of the machine. Equation 1 gives a maximum 
likelihood estimate of K. The binomial expansion in K can be computed 
for comparison with the observed values. If 7; is the ith term of the bi- 
nomial expansion, with the first term given the number zero, then the 


expected value of D; is T>_Di. Generalized statistical procedures are 
i=0 


considered in detail elsewhere. 

The values of K for cytidine, from the measurements at 260, 270, and 
280 my, are 0.106, 0.107, and 0.108, as calculated from Equation 1. Tin- 
ker and Brown (5) reported the value 0.08, but a different aqueous buffer 
was used. The yield of cytidine was 95 per cent. The yield was calcu- 
lated from the recovered absorption, summed over the tubes of the ma- 
chine, in comparison to the absorption of an aliquot of the original solution 
of cytidylic acid after dilution with the same solvent which was used in 
the other absorption measurements. The slight difference between the ab- 
sorptions of cytidylic acid and of cytidine was corrected by the data of 
Ploeser and Loring (8). 

The values of K for uridine, from the measurements at 250, 260, and 
270 my, are 0.158, 0.154, and 0.154. ‘The distribution for K equal to 
0.157 fits the points a little better than that for AK equal to 0.154, except 
for the first three points, Tt is assumed that | or 2 per cent of the uridy- 
lic acid remained unhydrolyzed. ‘Tinker and Brown (5) reported the 
value O12, ‘The yield of uridine waa 98 per cent, 

The nature of the systematic devintions between the theoretical and 
observed pointe of Piga, band 2 will be dinctianed elsewhere! 


DISCUBBION 


The hydrolytic reaction is peculiar in some respects. Considerable 
data have been accumulated during the study of the reaction, all of which 
can be explained by one hypothesis; namely, that the reaction occurs in 
the solution and requires both lanthanum and hydroxyl ions. Lanthanum 
ions are removed by precipitation with the liberated phosphate, since all 
of the phosphate is recovered in the washed precipitate. Furthermore, 
lanthanum hydroxide is very insoluble. However, a freshly precipitated 
suspension of lanthanum hydroxide is supersaturated.” The optimum pH 
for the reaction is approximately 10. Thus for a short time following the 
precipitation with sodium hydroxide, appreciable concentrations of the 
necessary ions remain in the supernatant. The nucleotide is only partly 


1 Bacher, J. E., to be published. 
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coprecipitated. It is necessary to effect the hydrolysis as quickly as pos- 
sible, since there is loss, to the extent of 2 or 3 per cent per hour, of the 
ultraviolet absorption either of the nucleotides or of the nucleosides under 
the conditions of the hydrolysis. The determination of phosphate ac- 
cording to the method of Fiske and Subbarow is not applicable to the 
hydrolysate since the hot alkali dissolves sufficient silicate from the glass 
vessel to augment seriously the development of blue color. 

The absorption spectra found in the tubes of each distribution were 
identical on a relative scale and were identical to the absorption spectrum 
of the authentic nucleoside (8). There can be little doubt in regard to the 
identity and purity of the reaction products in the two cases. There were 
no indications of any free pyrimidine in either case. 


SUMMARY 


A method is given for the dephosphorylation of pyrimidine nucleotides 
in yields of 94 per cent. It is believed the method will work equally well 
for any stable phosphate ester. 


The authors are indebted to Mr. F. J. Horta of Oakland, California, for 
the manufacture of an excellent counter-current apparatus. 
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RATIO OF SICKLE-CELL ANEMIA HEMOGLOBIN TO NORMAL 
HEMOGLOBIN IN SICKLEMICS* 


By IBERT C. WELLSt ann HARVEY A. ITANO}T 


(From the Gates and Crellin Laboratories of Chemistry,§ California Institute of 
Technology, Pasadena, California) 


(Received for publication, August 21, 1950) 


The erythrocytes of certain human individuals undergo a reversible 
change in shape known as sickling if deprived of oxygen (1, 2). Talia- 
ferro and Huck (3) postulated that this characteristic is transmitted by a 
single dominant gene, but failed to account genetically for the wide diver- 
gence in clinical signs and symptoms among individuals who possess sick- 
ling red cells. A small fraction, about 1 in 40, of these individuals have 
a severe chronic anemia called sickle-cell anemia; the others have no symp- 
toms which can be associated with this erythrocyte characteristic, and 
their condition is termed sickle-cell trait or sicklemia (4). Neel (5) has 
postulated that there exists in the Negro population a gene which in the 
heterozygous condition results in sicklemia and in the homozygous condi- 
tion in sickle-cell anemia. His statement is based on the finding that the 
trait was present in every parent of a sickle-cell anemia patient that he 
tested. ‘This hypothesis is in accord with the results of recent electro- 
phoretic studies of the hemoglobins in these conditions (6, 7). ‘These 
studies showed that the erythrocytes of individuals with sickle-cell anemia 
contain a new kind of hemoglobin, different from that of normal individ. 
tials, and also that the hemoglobin of sicklemic persons consists of two 
components which behave eleetrophoretically as hemoglobin and 
cell anemin hemoglobin, These results have aided in the elaritien 
lion of both the genetie and the clinieal aspects of mekle-cell anemia and 
cell trait, In the attempt to obtain information about the nature 
of sickle-cell anemin hemoglobin, naming acid analyses of hydrolysates of 
normal, human, adult’ hemoglobin and of sickle-cell anemin hemoglobin 
were carried out, which showed that there are probably small differences 


* Presented in part at the meeting of the National Academy of Sciences in Wash- 
ington, D. C., April, 1950, and at the meeting of the American Society of Biological 
Chemists in Atlantie City, April, 1950. 

t Postdoctoral Fellow of the Division of Medical Sciences of the National Re- 
search Council. 

t Assigned to the California Institute of Technology by the National Cancer In- 
stitute, United States Public Health Service. 

§ Contribution No. 1456. Aided in part by a grant from the United States Public 
Health Service. 
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in the number of residues of leucine, serine, valine, and threonine in these 
molecules (8). 

It has been observed that all of the erythrocytes of individuals with 
sickle-cell trait undergo sickling and that a greater reduction in partial 
pressure of oxygen is required to produce complete sickling in sickle-cell 
trait erythrocytes than in those of sickle-cell anemics (1). These obser- 
vations indicate that each sicklemia erythrocyte contains both normal 
hemoglobin and sickle-cell anemia hemoglobin. In a pooled sample of 
blood from five sicklemic individuals the ratio of the abnormal to the nor- 
mal hemoglobin was found to be 39:61 (7). 

In the light of this knowledge it was considered pertinent to ascertain 
the extent of the variation of the ratio of sickle-cell anemia hemoglobin 
(SCA hemoglobin) to normal hemoglobin in sicklemic individuals and the 
effect of various factors on this ratio. Such information not only would 
increase the knowledge of sickle-cell disease but also might shed some 
light on the general problem of the control of hemoglobin anabolism. 


EXPERIMENTAL 


Blood Samples—Samples of blood to which either citrate or oxalate had 
been added were obtained from parents of sickle-cell anemic children or 
from brothers or sisters of sickle-cell anemic individuals and were kept at 
4° until solutions of hemoglobin could be prepared from them.! Other sam- 
ples were obtained in examining the cell residues of blood obtained from 
Negro donors at a commercial blood bank.? For this purpose the rapid 
diagnostic test of Itano and Pauling (9) was employed, and samples of 
those cell residues which responded positively to this test were stored as 
noted above. As far as it was possible to determine, these persons were 
otherwise normal and had not received a blood transfusion within a year 
previous to the time the blood or cell samples were obtamed 

Nolutions of hemoglobin were prepared from these samples of blood and 
erythrocytes aecording to the method of Drablan (10). ‘The hemoglobin in 
each solution waa converted to the carbonmonoxy derivative by saturating 
the solutions with carbon monoxide and each solution waa then stored at 
tightly atoppered, brown glase bottles, ‘The hemoglobin concentra: 
tion of each solution was determined apeetrophotometrically at 5400 my. 
Mor this purpose a Coleman junior speetrophotometer was used and the 
standard curve employed was obtained by using a pure solution of normal 


' We are indebted to Dr. George I. Burch of Tulane University Sehool of Med- 
icine, New Orleans, to Dr. Robert A. Blossom of the Los Angeles County General 
Hospital, to Dr. Phillip Sturgeon of the Children’s Hospital, Los Angeles, and to 
Dr. J. V. Neel of the University of Michigan, Ann Arbor, for samples of whole blood. 

2? Hyland Laboratories, Los Angeles, California. 
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carbonmonoxyhemoglobin, the concentration of which had been deter- 
mined by iron analysis (8). 

Electrophoresis Experiments—The electrophoresis experiments carried out 
in this investigation were very similar to those previously described (7). 
The buffer solution used consisted of 0.08 m NaCl, 0.02 m sodium cacody- 
late, and 0.008 m cacodylic acid and had a pH of 6.50 and ionic strength 
of 0.10 (11). <A portion of each hemoglobin solution was diluted to a 
concentration of 1 per cent with buffer and then dialyzed at 4° for 18 hours 


Typical Sicklemic Pattern 


Descending boundary 


Ascending boundary 


ria. 1. The ascending and descending boundaries of an electrophoresis experi- 
ment on the carbonmonoxyhemoglobin from a typical sicklemic individual. ‘The 
leading peak is due to SCA hemoglobin. In some experiments, including those on 
known mixtures of SCA hemoglobin and normal hemoglobin, extraneous spikes have 
occurred in the descending boundary, ‘The cause of this difficulty is undetermined; 
however, no such elleotsa ever ooour in the ascending boundary under the conditions 
ined for clectrophoresia, 


againal the buffer saturated with carbon monoxide, Finally the dialysed 
solutions were completely clarified by centrifugation in the cold at 46,500 
for 20 minutes and then subjected to electrophoresia for hours 
under a potential gradient of 3.57 volta per em., with the equipment pre- 
viously deseribed (7). 

In Fig. 1 are shown typical Longsworth scanning diagrams of an elec- 
trophoresis experiment on a hemoglobin sample from a sicklemic individ- 
ual. Under the conditions used for electrophoresis, the descending bound- 
ary is much more diffuse than the ascending one; therefore, the latter 
boundary was chosen for measurement. 

The image of the ascending boundary was projected and enlarged by 
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means of a photographic enlarger and traced on a large piece of paper. 
Routinely, six tracings were made in order to minimize the subjective 
errors. Since the leading and trailing edges of the boundary are not sym- 
metrical, the two peaks were resolved by means of the method of Tiselius 
and Kabat (12) of dropping a perpendicular to the base-line from the 
minimum point between the two peaks. The total area under the curve 


and the area under the SCA hemoglobin peak were measured for each - 


29.4% SCA-Hb 
70.6% N-Hb 
37.1% SCA-Hb 
62.9% N-Hb 
41.1% SCA-Hb 
58.9% N-Hb 


hia, 2. Ascending boundaries of electrophoresis experiments on the carbonmon- 
oxyhemoglobin from some individual sicklemics. The leading peak is due to SCA 
hemoglobin. 


tracing Wilh a planimeter, Alter the average value for each quantity was 
determined, the ‘measured’ percentage of SCA hemoglobin in the sanple 
wae Caleulated Th order to convert this tensured percentage to the 
percentage a calibration curve wae used, whieh wae nade the 
following manner Known mixtures of normal and SCA hemoglobin, lay 
ing a total protein concentration of per cent, were subjected to electro 
phoresis under the conditions already deseribed for sicklemina hemoglobin, 


The ascending boundaries were treated as above and the measured per- 
centages of SCA hemoglobin were plotted against the known percentages 
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(7). The equation of the linear curve thus obtained, calculated by means 
of the method of least squares, is Y = 1.17 X — 5.5, where Y is the actual 
percentage of SCA hemoglobin and X is the measured percentage. 
The measured percentage of SCA hemoglobin from an electrophoresis 
experiment of a sample of sicklemia hemoglobin, as described above, is 
substituted in the equation of the calibration curve and the actual percent- 
age of SCA hemoglobin in the sample calculated. 

Typical Longsworth scanning diagrams of the ascending boundaries of 
electrophoresis experiments of samples of hemoglobin from individual 
sicklemics are reproduced in Fig. 2. It is obvious that there are significant 
differences in the percentages of SCA hemoglobin among these samples. 

It was of importance to ascertain how reproducible were the results of 
any one experiment. ‘To achieve this end the electrophoretic analyses of 
two samples were repeated. The percentages of SCA hemoglobin from 
the separate runs for each sample taken from sicklemic individuals were 
as follows: Case 25, 29.7 per cent, 28.9 per cent; Case 33, 34.1 per cent, 
32.7 per cent. It is felt that the results of any one determination are 
probably reproducible to about +1.5 per cent. 


Results 


In Table I there are presented the results obtained from forty-two 
sicklemic individuals. These persons were chosen at random, as is indi- 
cated in the section above in which the procurement of samples is dis- 
cussed, the only restriction being that the individuals should not be geneti- 
cally related. Even though the names of the twelve donors obtained from 
the commercial blood bank were different, these samples offer some un- 
certainty in this latter respect. 

In these forty-two sicklemic individuals the per cent of SCA hemoglobin 
ranged from about 24 to about 45 per cent, with an arithmetic mean of 
37.5 per cent. It is to be noted that one-third of the samples contained 
between 40 and 42 per cent of SCA hemoglobin. An increased frequency 
appears to be present at about 34 per cent of SCA hemoglobin; however, 
the small number of samples makes this trend of doubtful significance, 

Hecause of the wide range of percentages found, as many factors as pos 
sible have been atudied in an attempt to establish their iitlience on the 
ah MCA hemoglobin to normal hemoglobin in 

of Time Wortunately it wae possible to obtain, after varinhle 
perioda of time had elapsed, new samples of blood from sieklemic individ: 
tals whose percentage of SCA hemoglobin had been previously deter- 
mined, ‘The results of these determinations are shown in Table IL. Ut 
is seen that some of the final percentages are greater and some are less 
than the initial percentages. Undoubtedly some part of these differences 
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is due to inherent errors of the method used for measurement and some is 
due to physiological variation. Presumably the normal and SCA hemo- 
globins in a healthy sicklemic individual are in a state of dynamic equilib- 


TABLE | 
Hemoglobin in Sickle-Cell Trait 
| 
Case No. Sex Age Case No. Sex | Age | 
per cent | | per cent 
11 24.3 111 38.9 
67 F. 27.7 37 a 39.9 
64 27.9 30 | 34 | 40.0 
25 . 38 29.4 10 | 40.4 
12 32.3. 29 F. | 23 «(40.5 
80 F. 33.1 93 | 40.5 
4 32 33.3 36 | 40.9 
33 M. 44 33.4 101 fee | 40.9 
35 41 33.7 26 ” | 10 | 41.0 
66 F. 33.9 75 41.0 
83 34.0 B. M.S | 41.0 
46 M. 34.3 7 | 
71 - 34.4 39 | 41.3 
56 F. 35.1 47 F. 41.3 
28 M. 24 35.2 91 > 41.5 
49 F. 35 35.6 110 M. 41.6 
M. H. “ 36.6 31 | 42.4 
8 M. 65 37.1 15 
5 F. 30 37.5 98 ee 12 | 48.9 
34 a 25 37.5 57 - | | 44.5 
65 M. 38.2 63 eee | 45.2 
TABLE II 
Constancy of Per Cent SCA Hemoglobin with Time 

Case No. SCA hemoglobin | Difference 

per cent | per cent 

15 42.6, after 2 mths. 41.3 | —1.3 

25 | +-2.4 

7 * | —2.2 

4 4: | —0.6 

5 4 | 42.6 


rium with their precursors and catabolic products (13) and small fuetua- 
tions of the ratio of the two hemoglobins around a mean value are to be 
expected, With these considerations in mind it is coneluded that the 
above data support the idea that the ratio of SCA hemoglobin to normal 
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hemoglobin is relatively constant in a sicklemic individual, at least for 
periods as long as 4 months. 

Effect of Age and Sex—In Table I there are given the age and sex of 
some of the sicklemic individuals from whom samples of blood were ob- 
tained. It is immediately apparent that both sexes have percentages 
occurring throughout the range of variation demonstrated above and that 
there is no grouping with respect to age. Consequently, the conclusion 
has been drawn that these two variables have no effect on the ratio of the 
two hemoglobins. It is of interest that the total hemoglobin level, which 
normally is different in the two sexes, apparently has no influence on the 
ratio of the two hemoglobins. 

Effect of Environment—As previously indicated, the persons from whom 
samples of blood were obtained for use in this study live in widely sepa- 
rated regions, 2.e., Los Angeles, California, New Orleans, Louisiana, and 


TaBLeE III 
Réle of Heredity in SCA Hemoglobin 


Case No. ‘ Family relationship SCA hemoglobin 
per cent 
38 Mother 41.3 
71 Father 34.4 
42 Daughter 40.1 
43 Son 40.2 


Ann Arbor, Michigan. As is to be expected, persons from any one of 
these regions do not have a characteristic ratio of the two hemoglobins, 
but rather their ratios fall throughout the range of variation. An even 
closer scrutiny of the effect of this complex variable is afforded by the oc- 
currence of six cases of husband and wife among the forty-two sicklemic 
cases mentioned above. The percentages of SCA hemoglobin found in 
these cases are as follows: 34.4, 42.6; 34.3, 41.3; 44.5, 35.1; 38.2, 27.9; 
41.0, 40.5; 41.6, 38.9. Thus, with these sicklemic individuals, who are 
affected largely by the same environment, the percentages of SCA hemo- 
globin may be either the same or different. 

Owing to the nature of this study it has not been possible to assay the 
effect of diet on the ratio of the two hemoglobins in sicklemics. How- 
ever, since there is no known dietary therapy for sickle-cell anemia, it is 
considered to be unlikely that the variation of the ratio of the two hemeo- 
Hlobing could be traced toa dietary 

Influence of Heredity Since ackle-cell anemia has been shown to be an 
Inherited condition (5), ib ia nol unimportant to the rdle heredity 
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may play in determining the percentage of SCA hemoglobin a sicklemic 
person may have. 

The data in Table III indicate that heredity may be the major factor 
which determines the percentage of SCA hemoglobin occurring in a sick- 
lemic person. In this family, the percentages of SCA hemoglobin which 
the parents have are quite different, and the percentages of the two sick- 
lemic children (another child was a sickle-cell anemic) are the same and 
correspond to that of the mother instead of being intermediate between 
the percentage of the father and that of the mother or not corresponding 
with the percentage of either parent. If these results are considered with 
respect to the single gene hypothesis (5), they suggest that the children 
may have inherited the mother’s allele for sickling and that this particular 
allele results in a characteristic proportion of SCA hemoglobin. 


DISCUSSION 


In view of the results of previous investigations (5-7), it is perhaps to be 
expected that heredity may be the dominant factor determining the ratio 
of SCA hemoglobin to normal hemoglobin in sicklemic individuals. While 
both the electrophoretic and genetic evidence is in agreement as to the 
qualitative aspects of the transmission of sickle-cell anemia and sickle-cell 
trait, the variation of the data exhibited in Table I and the clinical obser- 
vation that gradations occur in the severity of the disease in sickle-cell 
anemia (14) imply that the simple hypothesis of Neel (5) must be extended 
and amplified in order to explain the quantitative aspects of sickle-cell 
disease. One might consider the possibility that the rates of production 
of both normal and SCA hemoglobins are subject to independent modifica- 
tion by other factors. The rate of production of hemoglobin in a sickle- 
cell anemic and the ratio of the two hemoglobins in an individual having 
a sickle-cell trait may be dependent on the modifying factors present in 
the individual, on the particular allelic form of the gene he possesses, or 
on undisclosed elements of his environment. 


Anomalous Sickle-Cell Anemics 


During the course of this work it became necessary to examine electro- 
phoretically samples of hemoglobin obtained from a series of sickle-cell 
anemics. Among the members of this series there were some who had 
been able, without apparent difficulty, to exist without the need of blood 
transfusions for well over a year. A possible explanation for this behavior 
in three of these cases presented itself when the electrophoretic patterns 
of the hemoglobin from these persons revealed the presence of varying 
amounts of normal hemoglobin. Fig. 3 contains reproductions of Longs- 
worth scanning diagrams of the ascending boundaries of electrophoretic 
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experiments on the hemoglobin of these three persons. Case 22 had not 
received a transfusion with normal blood for over a year before the first 
blood sample was obtained; a second blood sample obtained 6 months after 
the first revealed that normal hemoglobin was still present, even though 


no normal blood had yet been transfused. These patterns are similar to 


those obtained from sickle-cell anemics at varying lengths of time after 
transfusion with normal blood. 

Individuals such as these may be classified as border line sickle-cell ane- 
mics; their ability to produce significant amounts of normal hemoglobin 


Fic. 3. Ascending boundaries of electrophoresis experiments on the carbonmon- 
oxvhemoglobin from some anomalous sickle-cell anemics. The conditions used for 
electrophoresis were the same as those employed for the sicklemic samples. The 
leading peak is due to SCA hemoglobin. In these cases the normal hemoglobin con- 
stitutes 5 to 20 per cent of the total. 


probably accounts for their improved level of existence, since the charac- 
teristics of their erythrocytes would be intermediate between those of 
sicklemia and sickle-cell anemia erythrocytes. The former are known to 
have a survival time both in normal and sickle-cell anemic individuals 
equal to that of normal erythrocytes (15-17). 

It is felt that here is fundamental evidence to support the long held 
clinical feeling that ‘‘. . “all shades of variation between the trait and se- 
vere anemia may be encountered though no adequate evidence has been 
offered”? (14). 
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The rdéle of heredity of such cases is unclear, since the investigation of 
the parents of two of these persons revealed that they were typical sickle- 
mics: Case 22, father 41.0, mother 40.5; Case 45, father 44.5, mother 35.1 
per cent of SCA hemoglobin. Further investigation is necessary to ex- 
plain these cases. 


SUMMARY 


The ratio of sickle-cell anemia hemoglobin to normal hemoglobin has 
been determined in forty-two sicklemic individuals who were otherwise 
normal and genetically unrelated. In this series of individuals the SCA 
hemoglobin varied from about 24 to 45 per cent. 

Of the several factors tested, 7.e., time, age, sex, some environmental fac- 
tors, and heredity, the latter is the only one not excluded as having an 
appreciable influence on the ratio of the two hemoglobins which occurs 
in a sicklemic person. 

The discovery of some anomalous cases of sickle-cell anemia is reported. 
In contrast to the true sickle-cell anemic, these individuals are able to 
produce small amounts of normal hemoglobin. 


The authors take pleasure in acknowledging their indebtedness to Dr. 
Linus Pauling for his many suggestions and careful reading of the manu- 
script, to Dr. J. V. Neel of the University of Michigan, Ann Arbor, Michi- 
gan, and to Dr. Ray D. Owen, of the Biology Division of this Institute, 
for their helpful suggestions. 


BIBLIOGRAPHY 


. Sherman, I. J., Bull. Johns Hopkins Hosp., 67, 309 (1940). 

. Hahn, E. V., and Gillespie, E. B., Arch. Int. Med., 39, 233 (1927). 

. Taliaferro, W. H., and Huck, J. B., Genetics, 8, 594 (1923). 

. Diggs, L. W., Ahmann, C. F., and Bibb, J., Ann. Int. Med., 7, 769 (1933). 

. Neel, J. V., Science, 110, 64 (1949). 

. Itano, H. A., and Pauling, L., Federation Proc., 8, 209 (1949). 

. Pauling, L., Itano, H. A., Singer, S. J., and Wells, I. C., Science, 110, 543 (1949). 

. Schroeder, W. A., Kay, L. M., and Wells, I. C., J. Biol. Chem., 187, 221 (1950). 

. Itano, H. A., and Pauling, L., Blood, 4, 66 (1949). 

10. Drabkin, D. L., J. Biol. Chem., 164, 703 (1946). 

11. Longsworth, L. G., Ann. New York Acad. Sc., 41, 267 (1941). 

12. Tiselius, A., and Kabat, E., J. Exp. Med., 69, 119 (1939). 

13. Schoenheimer, R., The dynamic state of body constituents, Cambridge, 25-65 
(1942). 

14. Wintrobe, M. M., Clinical hematology, Philadelphia, 2nd edition, 515 (1946). 

15. Callender, S. T. E., and Nickel, J. F., J. Lab. and Clin. Med., 32, 1397 (1947). 

16. Singer, K., Robin, 8., King, J. C., and Jefferson, R.°N., J. Lab. and Clin. Med., 
33, 975 (1948). 

17. Callender, 8S. T. E., Nickel, J. F., Moore, C. V., and Powell, E. O., J. Lab. and 

Clin. Med., 34, 90 (1949). 


WN 


& 


| 
it 
pe 
us 
t 
tic 
thi 
ch 
m 
to 


A GROWTH-STIMULATING FACTOR FOR LACTOBACILLUS 
LEICHMANNII* 


By H. T. PEELERf anp L. C. NORRIS 
With THE TECHNICAL ASSISTANCE OF BEeTTy BROWN AND DIANA CAMERON 


(From the Agricultural Experiment Station and the School of Nutrition, 
Cornell University, Ithaca, New York) 


(Received for publication, June 1, 1950) 


During the development of a microbiological assay for vitamin By with 
Lactobacillus leichmannii, Peeler, Yacowitz, and Norris (1) found the 
growth response to the vitamin to be much improved by the addition, 
to the basal medium, of extracts containing an unidentified growth factor. 
A tomato juice filtrate treated with norit and a phenol-n-butyl alcohol 
extract of a 15 unit U.S. P., injectable liver extract which had been freed 
of vitamin B,. and thymidine were found to be good sources of the factor. 
Stokstad et al. (2) reported that growth of L. leichmannii in the presence 
of vitamin By, was promoted by autoclaving the medium, whereas very 
little growth was obtained with a filter-sterilized or steamed medium. 
Since ascorbic acid, thioglycolic acid, or methylglyoxal promoted growth 
under these conditions, the suggestion was made that the effect of the un- 
known factor was due to a reduction in oxygen tension. Hoffmann et al. 
(3) confirmed these findings and indicated that a reducing substance was 
formed by autoclaving glucose in the presence of the basal medium. 

The purpose of this paper is to demonstrate more clearly the require- 
ment of L. leichmannii for an unidentified growth factor, to differentiate 
it from the reducing agents reported active by other workers, and to re- 
port a procedure for its assay. Data are also presented on the L. leich- 
mannit factor content of various materials. 


EXPERIMENTAL AND RESULTS 


Assay Organism and Basal Medium—L. leichmannii, ATCC 4797, was 
used in these investigations. The method of maintaining the culture and 
the procedures for inoculation and incubation were the same as those 


* This work was aided by grants to Cornell University by the Nutrition Founda- 
~ tion, Inc., New York, the Cerophy! Laboratories, Inc., Kansas City, Missouri, 
the Commercial Solvents Corporation, New York, the Cooperative G. L. F. Ex- 
change, Ithaca, New York, and the Western Condensing Company, San Francisco, 
California. This work was conducted in the Nutrition Laboratories of the Depart- 
ment of Poultry Husbandry. 

t Present address, Research Laboratories, Western Condensing Company, Apple- 
ton, Wisconsin. 
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described previously by Peeler, Yacowitz, and Norris (1). The amino 
acid basal medium was also the same as that used by these workers (1), 
except for the omission of the tomato juice filtrate. Growth in the culture 
tubes was determined by measuring the turbidity of the cell suspensions 
with a Coleman spectrophotometer, model No. 11. The wave-length 
setting was 650 mu. 

In preliminary studies on the measurement of vitamin By» with L. 
leichmannii, the growth curves, obtained from the addition of graded 
amounts of crystalline vitamin By, to the basal medium, reached a plateau 
at a submaximum level. Those obtained from graded levels of a 15 unit 
U. S$. P. injectable liver extract, however, were normal and reached a 
maximum value. On the other hand, when the basal medium was sup- 
plemented with a tomato juice filtrate treated with norit (1), both erystal- 
line vitamin By and the liver extract promoted maximum growth. These 
results indicated the presence of an unidentified growth factor in tomato 
juice and U.S. P. injectable liver extracts. 

In view of the work of Stokstad et al. (2) and of Hoffmann and associ- 
ates (3), studies were undertaken to ascertain whether certain reducing 
agents would replace the growth factor. Although the basal medium 
already contained 2 gm. of cysteine hydrochloride and 800 mg. of FeSO,:- 
7H.O per liter, additional amounts of these reducing agents were tested, 
as were also graded amounts of ascorbic acid and sodium thioglycolate. 
In no case was a beneficial effect obtained from the addition of these 
reducing agents to the basal medium. The growth-stimulating properties 
of the tomato juice filtrate and the liver extract were, therefore, due to 
an unidentified growth factor and not to any reducing agents which might 
be present. 

Caswell et al. (4) found a mixture of fumaric acid and sodium ethyl 
oxalacetate to replace the tomato juice factor for L. lactis Dorner in an 
amino acid basal medium in which pt-alanine is present. In view of 
this report a study was undertaken to determine whether a mixture of 
fumaric acid and sodium ethyl oxalacetate stimulates growth of L. leich- 
mannit in a manner similar to that obtained from a tomato juice filtrate. 
Graded levels of each of the compounds ranging from 2.5 mg. to 10 mg. 
per tube were tested in combination. No growth stimulation resulted 
from any of the levels tested. 

After obtaining these results, studies were undertaken to develop a 
method whereby a more dramatic response to the factor could be obtained. 
Since early work revealed that the size of inoculum was of importance 
in demonstrating the need of L. leichmannii for the unidentified factor, 
an experiment was undertaken to study the effect of this on the growth 
response in relation to graded levels of crystalline vitamin By and a 15 
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unit U. 8. P. injectable liver extract. A 24 hour culture, grown on the 
inoculum medium described by Peeler et al. (1), was transferred to a 
sterile centrifuge tube and centrifuged for 15 minutes at approximately 
2500 r.p.m. The supernatant liquid was discarded and the packed cells 
resuspended in 10 ml. of sterile physiological saline solution. One portion 
of the cell suspension was further diluted with sterile saline to give a 
turbidimetric reading of 40 (6 X 105 cells per loop). Still other portions 
of the cell suspension were diluted so as to produce readings of 60 (2 « 10° 


TABLE I[ 


Effect of Size of Inoculum on Response of L. leichmannii to Vitamin Biz and 
Injectable Liver Extract 


6 X 105 2x 105 X «+108 5 108 
Level of cells cells | cells cells 
Supplement vitamin Biz 
Galvanometer readings* 
mugm. 
None 76 83 88 96 
Crystalline vitamin Biz 0.02 54 63 65 4 
0.04 44 43 53 83 
0.1 27 32 39 81 
0.4 13 18 28 75 
4.0 10 14 20 77 
400.0 11 14 26 74 
Liver extract, 15 unitT 0.02 57 61 68 86 
0.04 42 48 55 81 
0.1 27 30 41 76 
0.4 12 16 18 60 
4.0 8 9 11 20 
40.0 8 9 10 13 
400.0 8 8 10 12 


* A galvanometer reading of 100 means no growth. 
+ Contains 1000 myugm. of vitamin Biz per U.S. P. unit by microbiological assay. 


cells per loop) and 80 (10° cells per loop) on the galvanometer scale. An 
extremely dilute inoculum was prepared by further diluting 1 ml. of the 
80 scale inoculum to 20 ml. (5 X 10* cells per loop) with sterile saline. 
One loopful of an inoculum was used to inoculate each assay tube. The 
15 unit U. S. P. injectable liver extract used in these studies contained 
1000 mygm. of vitamin By: per unit or 15,000 mugm. per ml. as assayed 
microbiologically by the method of Peeler e¢ al. (1). 

The results of the study are presented in Table I. Each value is repre- 
sentative of several assays. When inoculated with the fairly heavy 40 
scale inoculum, a good response curve was obtained with both vitamin 
By. and liver extract. The level of liver extract which furnished 400 
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mygm, of vitamin By promoted more growth than the 400 myugm, level 
of the crystalline vitamin, As the inocula became more dilute, the dif- 
ferences in response to vitamin By and the liver extract. became more 
pronounced. With the 1:20 dilution of the 80 seale inoculum, only a 
very slight growth response was obtained with graded levels of vitamin 
By, whereas the liver extract still promoted maximum growth. These 
results provide evidence that the liver extract contained a growth factor, 
in addition to vitamin By», required for maximum growth of the organism 
in the 16 hour assay period. 


TABLE II 


Effect of Incubation Time on Response of L. leichmannii to Vitamin Biz and 
Injectable Liver Extract 


Level of | 16 hrs. 20 hrs. 40 hrs. 
Supplement vitamin By. | 
per tube | Galvanometer readings* 
mugm. | | 
None 96 85 81 
Crystalline vitamin B,» 0.02 84 55 40 
0.04 83 44 32 
0.1 81 31 18 
0.4 75 20 8 
4.0 77 11 6 
400.0 74 12 6 
Liver extract, 15 unitf 0.02 86 60 43 
0.04 81 50 34 
Q.1 76 29 18 
0.4 60 15 
4.0 20 9 | 6 
40.0 13 9 6 
400.0 12 8 6 


*A galvanometer reading of 100 means no growth. 
+ Contains 1000 mugm. of vitamin Biz per U.S. P. unit by microbiological assay. 


Evidence was also obtained in early studies that the growth-promoting 
effect of the unknown factor was more pronounced when the assay tubes 
were incubated for periods of only short duration. The effect of the 
length of incubation time on the response of L. leichmannii to the un- 
identified growth factor therefore was further investigated. Graded levels 
of vitamin By and a 15 unit U.S. P. injectable liver extract were added 
to the unsupplemented basal medium and inoculated with the 1:20 dilu- 
tion of the 80 scale inoculum. The amount of growth was determined 
turbidimetrically at the end of 16, 20, and 40 hours of incubation. 

Typical results are presented in Table II. After 16 hours of incubation 
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only slight growth was obtained from vitamin By even at the very high 
level of 400 myugm, per tube. Craded levels of liver extract, on the other 
hand, promoted maximum growth. After incubating for 20 hours, the 
response to vitamin By increased markedly, but the differences in growth 
at the high levels of the vitamin and liver extract were still apparent. 
After 40 hours, however, the curves obtained from plotting the growth 
data from the two supplements were superimposable. The L. leichmannii 
factor appeared, therefore, to be of importance only during the early 
growth of the organism. 

Since the L. leichmannii factor is not essential if the cultures are incu- 
bated for 40 hours or longer, a study was undertaken to determine whether 
the factor is synthesized by the organism. A 100 ml. portion of the basal 
medium was supplemented with 40 myugm. of vitamin By, inoculated 
with the 1:20 dilution of the 80 scale inoculum, and incubated at 37° 
for 40 hours. At the end of this time the cells were dissolved by auto- 
claving for 15 minutes at 120° at pH 10. The solution containing the 
cell remnants was adjusted to pH 5.5, filtered, and assayed for the L. 
lecchmanni factor. After a 16 hour incubation period a good response 
curve was obtained from graded amounts of the material added to the 
basal medium supplemented with vitamin By. A sample of uninoculated 
medium treated in the same manner was inactive under these conditions. 
The results showed, therefore, that the L. leichmannii factor is synthesized 
by the organism during extended incubation periods. 

As a consequence of the above findings, an assay procedure was de- 
veloped which incorporated the use of a dilute inoculum (1:20 dilution 
of the 80 scale inoculum) and a short incubation time of only 12 to 16 
hours. The basal medium was modified to contain 800 mugm. of vitamin 
By per liter of double strength basal medium in order to eliminate a re- 
sponse from this vitamin. Liver fraction L! was found to contain a 
substantial amount of the unidentified growth factor. Due to its ease 
of handling, the liver L fraction was chosen as the standard. The growth- 
promoting activity found in 1 mg. of liver L was assigned the value of 
1 unit. The L. letchmannii factor activity of other materials was re- 
lated to this standard. A typical response curve to the standard liver 
L is shown in Fig. 1. The results show that on this basal medium the 
assay range is between 0.001 and 0.04 mg. of liver L per ml. of basal medium. 

Several materials, including liver extracts from different sources, were 
assayed for the L. leichmannii factor. In order to release the factor from 
solid material to be tested, 1 gm. of a sample was steamed for 1 hour in 
100 ml. of a 0.1 N H.SO, solution. The acid extract was then filtered 


1 Kindly supplied by Dr. David Klein of Wilson and Company, Chicago, Illinois, 
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04 08 2 16 20 .24 28 32 .36 40 44 48 52 56 60 64 68 72 76 60 


Fic. 1. Typical response curve of L. leichmannii to graded levels of liver L 


TaBLeE III 


L. leichmannii Factor Content of Various Materials 


Material 


Units per gm.* 


Wilson’s whole liver 


Injectable liver extracts (dry basis) § 


3525 
375 
1950 


* 1 gm. of Wilson’s liver L was assigned the value of 1000 mg. units. 


t Anheuser Busch, Strain S dried brewers’ yeast. 
t Norit-treated tomato juice filtrate, 4.7 per cent solids. 
§ 15 unit; contains 75 U.S. P. units per gm., dry weight. 


and cooled and the pH adjusted to 5.5 with 20 per cent KOH. Materials 
or solutions already soluble in water were found to need no treatment 


before assay. 


The results of the assays are presented in Table III. They showed 
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that the factor is present in a diversity of materials, but appears to be 
concentrated in liver products, meat, fish, and dried brewers’ yeast. The 
L. leichmannii factor content of injectable liver extracts varied widely 
and was not correlated with the U.S. P. unit potency assigned to the 
extract. 

During the course of the investigation, it was found that the activity 
obtained from an injectable liver extract which had been steamed for 2 
hours at pH 2.5, 6.7, and 11.1 was the same as that obtained from an 
untreated sample. On the other hand, when the liver extract was auto- 
claved for 2 hours at 120° at these hydrogen ion concentrations, a 10 per 
cent loss in activity occurred in the sample autoclaved at pH 11.1. These 
results show the factor to be quite stable. Other experiments indicated 
that the factor is extractable with hot ethyl alcohol and is soluble in water 
and phenol. 

Evidence has been presented by Combs and associates (5) that the 
L. leichmannit factor and an unidentified chick growth factor were con- 
centrated in the same fractions prepared by counter-current distribution 
of an extract of 95 per cent alcohol-soluble liver paste.! These workers 
also reported an unidentified growth factor for L. caset as measured by 
the technique of Daniel et al. (6) to be concentrated in the same counter- 
current fractions. The content of different soy bean meals in the factor 
required by L. casez has also been correlated with chick growth-promoting 
activity (6). By using the paper-partition chromatographic technique of 
Tishkoff et al. (7), experiments were carried out in which an acid extract 
of dried whey was partitioned with tertiary butyl alcohol and n-butyl 
alcohol. The fractions produced by the study were assayed by both 
L. letichmanni and L. casei. The growth-promoting activity for each 
organism occurred in the same fractions. The possibility suggests itself, 
therefore, that the factors required by L. caset and the L. leichmannii 
factor are identical and that these two organisms may be used in micro- 
biological assays for unidentified chick growth factors. Studies on this 
point are under investigation. No attempt has been made to relate 
these factors to other unidentified factors required by other bacteria or 
animals. 


SUMMARY 


Evidence is presented which shows the need of Lactobacillus leichmannii 
for an unidentified growth factor. The presence of the unidentified factor 
was demonstrated by use of a very light inoculum and an incubation time 
of short duration. Synthesis by the organism during prolonged incubation 
eliminated the need of the factor. With Wilson and Company’s liver L 
as the standard, data were obtained on the L. letchmannii factor content 
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of various materials. The factor was found concentrated in liver ex- 
tracts, fish, meat, yeast, and tomato juice. Dried whey was a relatively 
poor source of the factor. The L. leichmannii factor and an unidentified 
growth factor for L. casez were found concentrated in the same fractions 
obtained by paper partition of dried whey. 


BIBLIOGRAPHY 


1. Peeler, H. T., Yacowitz, H., and Norris, L. C., Proc. Soc. Exp. Biol. and Med., 
72, 515 (1949). 

2. Stokstad, E. L. R., Dornbush, A. C., Franklin, A. L., Hoffmann, C. If., Hutch- 
ings, B. L., and Jukes, T. H., Federation Proc., 8, 257 (1949). 

3. Hoffmann, C. E., Stokstad, E. L. R., Hutehings, B. L., Dornbush, A. C., and 
Jukes, T. H., J. Biol. Chem., 181, 635 (1949). 

4. Caswell, M. C., Koditschek, L. K., and Hendlin, D., J. Biol. Chem., 180, 125 
(1949). 

5. Combs, G. F., Carlson, C. W., Miller, R. F., Peeler, H. T., Norris, L. C., and 
Heuser, G. F., J. Biol. Chem., 182, 727 (1950). 

6. Daniel, L. J., Peeler, H. T., Norris, L. C., and Scott, M. L., J. Biol. Chem., 177, 
917 (1949). 

7. Tishkoff, G. H., Peeler, H. T., Zaffaroni, A., Tesluk, H., and Norris, L. C., Feder- 
ation Proc., 8, 260 (1949). 


Yoh 


ly 
ad 


STUDIES WITH RADIOCALCIUM: THE INTESTINAL 
ABSORPTION OF CALCIUM* 


By HAROLD E. HARRISON ann HELEN C. HARRISON 


(From the Department of Pediatrics, The Johns Hopkins University School of 
Medicine, and the Pediatric Division of Baltimore City Hospitals, 
Baltimore, Maryland) 


(Received for publication, July 13, 1950) 


The intestinal absorption of calcium is known to be increased by ad- 
ministration of vitamin D to rachitic subjects (1), but the mechanism of 
this action of vitamin D is unknown. Studies with radioactive calcium 
have also shown increased absorption of administered Ca*® in vitamin D- 
treated rachitic rats compared with untreated animals (2). The problem 
was reinvestigated because the use of radiocalecium permits more detailed 
study of the rate and site of absorption of this ion than was possible with 
older balance techniques. 

Rachitic rats were prepared by feeding a vitamin D-free, high calcium, 
low phosphorus diet, which has been previously described (3), to rats of 
the Sprague-Dawley strain, starting at 3 weeks of age. Determinations 
of calcium absorption were made after the animals had been on the diet 
for 3 to 4 weeks and showed evidences of rickets. The diagnosis of rickets 
was made ante mortem on the basis of reduction of the concentration of 
serum phosphorus and was confirmed after the animals were sacrificed by 
the presence of an abnormally wide zone of uncalcified cartilage at the 
proximal ends of the tibiae. Control rats were fed the same diet but 
were given vitamin Dp, in a dosage of 500 i. u. per week, and a group of 
rachitic rats was given 3000 1. u. of vitamin D, 72 hours before the ab- 
sorption studies were begun. These latter animals form the treated 
rachitic group. 

Rachitic, vitamin D-treated rachitic, and control rats, weighing between 
100 and 150 gm., were given by stomach tube exactly 1.0 cc. of a solution 
of Ca**Cl, containing 10 mg. of total calcium per cc. and less than 1.0 ue. 
of Ca‘®, The solution was measured by means of a calibrated tuberculin 
syringe, and aliquots of the solution given were measured with the same 
syringe into volumetric flasks. In this way the amount of radiocalcium 
administered could be quantitatively determined. All animals were in 


* Aided by a grant from the Mead Johnson Fund of the American Pediatric So- 
ciety for research on fat-soluble vitamins. Radiocalcium was obtained from the 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, on allocation by the Atomic 
Energy Commission. 
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the postabsorptive state when the CaCl, was given. Groups of rats 
were sacrificed 2, 4, 24, and 72 hours after receiving Ca‘* and the gastro- 
intestinal tract was removed. Following the administration of the calcium 
solution, no food was available to the animals sacrificed at the 2 and 4 
hour intervals, but the diet was returned to the cages of the animals in 
the 24 and 72 hour groups and these animals were placed in metabolism 
cages which permitted the separate collection of the urine and feces ex- 
creted. 

In a number of the experiments, the contents of the stomach, proximal 
two-thirds of the small intestine, distal one-third of the small intestine, 
and the large intestine were analyzed separately. In other experiments 
the entire gastrointestinal tract was extracted. The contents of the 
portions of the intestinal tract described were washed out with 0.85 per 
cent NaCl solution, transferred to volumetric flasks, and sufficient 20 per 
cent trichloroacetic acid was added to the washings to make a final con- 
centration of 8 per cent when the solution was made up to volume. When 
the gastrointestinal tract, was extracted in toto, it was minced with scissors 
in a beaker, 50 cc. of 20 per cent trichloroacetic acid were added, and the 
mixture was extracted by heating on the steam bath. The entire sus- 
pension was transferred to a 100 ec. volumetric flask, made up to volume, 
and filtered. In experiments of longer than 4 hours duration, the urine 
and feces were collected separately and treated in the same fashion as the 
intestine and its contents. Aliquots of the solution administered and of 
the various extracts of the intestinal contents, feces, and urine were taken 
for determination of radioactivity, which was measured following pre- 
cipitation of the calcium as the oxalate (3). The fraction of the ad- 
ministered calcium absorbed was calculated from the difference between 
the radioactive calcium given and that recovered in the intestinal tract 
and feces at the end of the experimental period 


Results 


The accuracy of the method of determining the absorption of adminis- 
tered radiocalcium was checked in the following manner. The urine was 
collected between the time of administration of the Ca‘® and the time the 
animal was sacrificed. At this time the entire skeleton was obtained, 
freed of soft tissue, dissolved, and the total radioactivity of the urine and 
skeleton was determined (3). In Table I is shown a comparison between 
the amount of radiocalcium calculated to have been absorbed and the 
radiocalcium recovered in the urine and skeleton. In the 24 and 72 hour 
experiments the sum of the Ca** in urine and skeleton averaged 94 per 
cent of the absorbed Ca*®. It is to be expected that almost all of the 
absorbed Ca** retained in the body will be found in the skeleton, since 


| 
| 


H. E. HARRISON AND H. C. HARRISON 85 


the skeleton contains approximately 99 per cent of total body calcium, 
and the Ca*® of the body fluids exchanges rapidly with the Ca*® of the 
skeleton (3). 

If the amount of Ca*> entering the body from the lumen of the intestinal 
tract is to be used as a measure of the amount of total calcium absorbed 
from the intestinal tract, it is necessary to know whether there is rapid 
diffusion or secretion of body calcium into the intestinal lumen. If so, 
calcium of low specific radicactivity would enter the intestinal lumen 
while calcium of high specific activity was being absorbed from the in- 
testine, and the disappearance of radioactive calcium from the intestinal 


TABLE I 
Comparison of Estimated Amount of Ca*® Absorbed with Ca*® Recovered 
The rats were sacrificed 24 hours after administration by stomach tube of a solu- 


tion of CaCl, containing Ca‘**, The amount of total Ca given was approximately 
10 meg. 


Cats, per cent of intake 
Diet accounted for 
in urine and 
Absorbed Urine Skeleton skeleton 
High Ca 62.8 9.1 52.7 98.5 
65.8 11.9 48.1 91.3 
54.1 12.6 39.5 96 .6 
75.5 16.1 50.3 87.9 
70.7 14.1 48.1 88 .2 
Low Ca 58.1 0.1 56.2 96.7 
62.9 0 63.2 100.3 
70.8 0 65.5 92.4 
82.9 10.3 71.1 98 .0 


contents would be relatively greater than the net absorption of total 
calcium. This possibility was tested by determinations of the specific 
activity of the calcium administered to the rats by stomach tube, and of 
the calcium of the small intestinal contents removed 4 hours later. The 
animals were placed on a diet almost free of calcium 72 hours before the 
experiment, so that the calcium administered would not be mixed with 
residual dietary calcium in the small intestine. The results of such ex- 
periments are shown in Table II. Examination of the data indicates that 
there is only a slight difference between the specific activity of the calcium 
in the intestinal contents and that administered. This difference might 
be explained by the dilution of the calcium given with the small quantity 
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of calcium of the intestinal juices. The proportion of the administered 
radioactive calcium absorbed is, therefore, an index of the amount of total 
carrier calcium absorbed. 

In the first series of absorption experiments the diet of the animals was 
changed from the rachitogenic ration to one almost free of calcium, al- 
though otherwise identical with the rachitogenic diet. The calcium con- 
tent of the low calcium diet was 0.03 per cent and that of the rachitogenic 
diet 1.2 per cent. This shift of diet was made 72 hours before the Ca**Cl, 
was given and the intestinal tract of the animals on this régime was known 
to contain minimal amounts of calcium at the time of the experiment. 

The percentage of administered calcium absorbed at various intervals 
following administration of the radiocalcium is presented in Table III. 
The mean for each group and the standard deviation of the mean for 
groups of 5 or more rats are given. The results of the findings at 24 and 


TAaBLeE II 


Comparison of Specific Radioactivity of Calcium Administered by Stomach Tube with 
That Recovered from Small Intestine 4 Hours Later 


Intake Intestinal contents 
Total Ca Specific activity* Total Ca Specific activity* 
mg. ms 
9.1 1060 3.7 970 
9.4 1060 2.1 920 
9.4 1060 1.7 860 
9.1 1060 3.6 880 


* Counts per second per mg. 


72 hours are combined into one group, since it was found that absorption 
of the radiocalcium at 72 hours was not greater than at 24 hours. The 
most rapid rate of absorption of calcium is found within the first 4 hours 
after the administration, but approximately one-third of the calcium 
entering the body from the intestinal lumen is absorbed between 4 and 
24 hours after the calcium is given. No significant effect of vitamin D 
upon the rate of absorption of calcium could be detected in these experi- 
ments, either at the 4 hour or the 24 hour interval. 

A second series of experiments was performed in which the rats were 
kept on the high calcium diet up to the day of the administration of the 
Ca**Cl, (Table III). In all of the groups the rate of absorption was most 
rapid in the first 2 hours. Furthermore, the percentage of administered 
calcium absorbed at the 4 hour interval was approximately the same in 
the rachitic, vitamin D-treated rachitic, and control groups. At 24 hours, 
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however, significant differences were found among the groups in the high 
calcium series. The percentage of administered calcium absorbed was 
greater in the vitamin D-treated rachitic rats than in the untreated rachitic 
animals; the values for the control group were intermediate between the 
rachitic and treated rachitic groups. The amount of calcium absorbed 
at 24 hours by the rachitic rats was no greater than at 4 hours, whereas 
in the control and treated animals calcium continued to be absorbed be- 
tween 4 and 24 hours. The differences between the rachitic and vitamin 


TABLE III 
Absorption of Calcium in Rachitic, Control, and Vitamin D-Treated Rats 
The results are expressed as per cent of the administered Ca‘® absorbed at the 
specified time after intragastric administration of the Ca‘®Cl, solution. The fig- 
ures given are averages, and the number of animals in each group is inserted in par- 
entheses. 


Time after administration 


Group | 
2 hrs. | 4 hrs. | 24 hrs. 

Low calcium series 
| 46.4 (2) 69.4 + 13.4* (6) 

High calcium series 
42.1 (2) | 52.4 + 5.3* (5) | 52.6 + 7.1 (10) 
43.2 (3) | 53.6 (2) | 64.7 + 3.4 (10) 
51.9 (3) | 54.7 (2) 71.7 + 5.5 (10) 


Differencet— High calcium series, rachitic 24 hours; control 24 hours; t = 4.88, 
n = 18, P < 0.01. Control 24 hours; treated 24 hours; ¢ = 3.43, n = 18, P < 0.01. 
Rachitic high calcium series, 24 hours; rachitic low calcium series 24 hours; i = 3.30 
n= 14,P < 0.01. 

* Mean + standard deviation. 

t Statistical significance of differences calculated for small samples by Fisher’s 
table of t (4). 


D-treated rats of the high calcium series are entirely due to this continued 
absorption of calcium between 4 and 24 hours in the treated group and 
the differences are of the same order of magnitude as those found by 
Greenberg (2) in experiments of 72 hours duration. 

Information concerning the portion of the small intestine from which 
calcium could be absorbed was also obtained. Separate determinations 
of the radioactive calcium remaining in the stomach, proximal two-thirds 
of the small intestine, distal one-third of the small intestine, and the 
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large intestine were made 4 hours after the radiocalcium was given. The 
results of these analyses are presented in Table IV. At the 4 hour in- 
terval practically all of the unabsorbed Ca*> was in the distal one-third 
of the small intestine or in the large intestine. Absorption of Ca*® after 
4 hours from the time of its administration must indicate absorption from 
the distal one-third of the small intestine or possibly the cecum. The 
data of Table III indicate that in the high calcium series significant 
absorption after 4 hours occurred in control and vitamin D-treated rats 
but not in the rachitic group. In the low calcium series absorption from 
the distal portion of the intestine apparently took place in the rachitic as 
well as in the vitamin D-treated rats. 

The above studies were all made in rats 6 to 8 weeks old, weighing 100 
to 150 gm. Similar experiments were carried out on older rats, 16 to 20 
weeks old, weighing 200 to 330 gm., which had been kept on the control 


TABLE IV 


Location of Unabsorbed Ca‘® in Intestinal Tract 4 Hours after Administration by 
Stomach Tube of CaCl, Solution Containing Ca*® 


The data given are the results on individual rats, expressed as counts per second. 


G Intake |S h — — Large 
ntake | Stomac sma sma 
intestine | intestine | ™testune 


Low calcium, rachitic................... 9680 51 134 3460 1825 
he 9920 3 2 1930 3100 
control........ 9920 3 2 1465 3390 
9680 | 210 134 3029 2245 

High “ 8750 228 371 5085 


régime until the time of the experiment. The amount of carrier calcium 
administered was 10 mg., the same as that given to the smaller rats. The 
amount of the administered radiocalcium absorbed by these animals at 
the 24 hour interval averaged 41.5 per cent, in comparison with the aver- 
age value of 64.7 per cent for the younger rats of the control group. 


DISCUSSION 


Under the conditions of these experiments in which a soluble calcium 
salt is introduced into the stomach, the most rapid raie of absorption of 
calcium occurs in the first few hours following administration of the cal- 
cium. This phase of absorption is apparently not influenced by vitamin 
D, and these results indicate that vitamin D is not an essential part of 
the transport mechanism involved in the passage of calcium through the 
intestinal mucosa into the body fluids. The rate of absorption under 
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these conditions may ‘be a function of the concentration of calcium in 
the aqueous phase of the intestinal contents. 

Separate determinations of the content of radioactive calcium of various 
segments of the intestinal tract revealed that 4 hours after the adminis- 
tration of the Ca**Cl, solution almost all of the unabsorbed calcium was 
in the distal third of the small intestine or in the large intestine. Absorp- 
tion of calcium from the distal intestine must then occur in those 
experiments in which calcium continues to be absorbed after 4 hours. 
Rats in which the intestinal tract had been emptied of calcium prior to 
the experiment absorbed more calcium at 24 hours than at 4 hours, whether 
the animals were given vitamin D ornot. This was not true, however, 
of the experiments in which the rats were continued on the high calcium 
diet. In this series absorption of calcium was not detectable after 4 
hours in untreated rachitic rats but was found to occur in animals receiv- 
ing vitamin D. 

In the animals of the high calcium series, it seems probable that after 
4 hours the calcium administered by stomach tube is mixed with residual 
dietary calcium in the distal intestine, whereas in the rats fed a low calcium 
diet such residual dietary calcium would not be present. In the high 
calcium series the rate of absorption of Ca‘® after 4 hours depends upon 
absorption of total calcium from the distal intestine, including residual 
calcium of the diet, most of which is present as insoluble calcium salts. 
Residual dietary calcium should be present in the distal intestine of the 
animals receiving vitamin D as well as in the rachitic rats, since even in 
vitamin D-treated animals absorption of the calcium of the rachitogenic 
diet is far from complete. The continued intestinal absorption after 4 
hours of the administered Ca*® in the animals of the high calcium series 
receiving vitamin D might be the result of increased solubility of caletum 
due to a lower pH of the intestinal contents in the distal portion of the 
intestine. Zucker and Matzner (5) found that the pH of the feces of 
rachitic rats treated with cod liver oil was less than that of untreated 
rachitic rats and concluded that vitamin D influenced calcium absorption 
by decreasing the pH of intestinal contents. These findings were not 
confirmed by other investigators (6, 7). The solubility of calcium in the 
intestine could theoretically also be increased by the formation of un- 
dissociated soluble calcium complexes such as those formed with di- and 
tricarboxylic acids. A few determinations of citric acid in the intestinal 
contents of rats were made and failed to reveal amounts which could be 
of importance in this respect. Rather than having an effect upon the 
solubility of calcium, vitamin D may influence the rate of calcium absorp- 
tion only at low concentrations of calcium in the fluid phase of the in- 
testinal contents. Absorption of calcium from the proximal intestine of 
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the rats of both series and from the distal intestine of the rats of the low 
calcium series may occur at a maximal rate in the absence of vitamin D 
because of the relatively high concentration of calcium in the intestinal 
fluid under the conditions of these experiments. 

The decreased rate of absorption of calcium in older animals observed 
in these studies is in agreement with the findings of Nicolaysen (8) who 
studied the effect of age upon calcium absorption by a different technique. 
This effect of age occurs despite continued administration of vitamin D. 


SUMMARY 


The rate of absorption of calcium administered as CaCl, solution con- 
taining Ca‘*® was determined in rachitic, vitamin D-treated, and control 
rats. 

The most rapid rate of absorption of calcium was found to occur within 
the first 2 to 4 hours of its administration. This absorption was from the 
proximal portion of the small intestine, and the amount of Ca*® absorbed 
during this interval was not influenced by vitamin D. 

Analyses of the contents of separate portions of the small intestine 
showed that at 4 hours little radiocalcium remained in the proximal two- 
thirds of the small intestine, and the major portion of the unabsorbed 
radiocalcium was found in the distal one-third of the small intestine and 
in the large intestine. Absorption of calcium from the distal portion of 
the intestine was found in rats receiving vitamin D, but not in untreated 
rachitic rats, except in animals in which the intestinal tract had previously 
been emptied of calcium by feeding a calcium-free diet. 

The results suggest that the effect of vitamin D in increasing the effi- 
ciency of absorption of calcium is observed only under conditions in which 
the calcium of the intestinal contents is poorly soluble. 

These experiments indicate also that calcium can be absorbed from the 
distal intestine. 

Under comparable conditions, less calcium was absorbed by 10 to 20 
week-old rats than by 6 to 8 week-old animals. 
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THE TOXICITY OF o- AND p-FLUOROPHEN YL-pL-ALANINES 
FOR THE RAT* 
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of Medicine, Salt Lake City, Uiah) 


(Received for publication, July 17, 1950) 


In a previous publication (2) a report was made of an attempt to study 
the oxidation of phenylalanine to tyrosine by feeding oxidized derivatives 
of phenylalanine to white rats to determine whether these compounds 
could be converted either to phenylalanine or to tyrosine. Consideration 
of the results obtained and of others in the literature made it seem un- 
likely that this approach would be successful as a means of studying the 
oxidation. 

Attention was then turned to the possibility of using derivatives of 
phenylalanine in which the biological conversion to tyrosine would be 
blocked. Phenylalanine is an amino acid which, besides serving as a pre- 
cursor for tyrosine, has no well established physiological function other 
than that of serving as a structural unit of proteins. It was considered 
possible that on a diet containing an adequate supply of tyrosine an ani- 
mal might be able to incorporate a structurally similar derivative into 
proteins and survive satisfactorily on a phenylalanine-free diet. 

Steric and chemical considerations indicated that a nuclear fluorine- 
substituted derivative of phenylalanine should be ideally suitable as such 
« compound. Previous workers already have shown that fluorine-substi- 
tuted derivatives of aromatic amino acids bear a close steric resemblance 
to the parent compounds (3-5). Although m-fluorophenylalanine has been 
found to be highly toxic to animals (6) and microorganisms (4), it was felt 
that o- or p-fluorophenylalanine might possess the desired properties. ‘The 
biological stability of the fluorine atom of such compounds as the isomeric, 
nuclear, fluorine-substituted benzoic and phenylacetice acids (7), fluoroben- 
zene (7), and the slight toxicity of o-fluorophenol (8) indicated that the 
fluorine atom of these fluorophenylalanines might be quite stable biologi- 
cally. In support of the idea that the fluorine atom is not easily removed 
from the aromatic nucleus was the finding that the toxicity of m-fluoro- 
phenylalanine was definitely not due to a release of fluoride in animals (6). 


* This research was supported by a grant from the United States Public Health 
Service. A preliminary report was presented at the meeting of the American So- 
ciety of Biological Chemists at Atlantic City, April 17-21, 1950 (1). 
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Enzyme studies have shown that o-, m-, and p-fluorophenylalanine and 
its.derivatives can substitute for phenylalanine as substrates for certain 
enzymes. The o-, m-, and p-fluorophenylalanines have been resolved by 
the preferential formation of the N-acetyl-L-fluorophenylalanylphenylhy- 
drazides by papain-cysteine in the same manner as the phenylalanine 
derivative itself (9, 10). A preliminary study in this laboratory showed 
that carbobenzoxyglycyl-o- and m-fluorophenylalanines were hydrolyzed by 
crystalline carboxypeptidase at the same rate as the phenylalanine deriva- 
tive and that the p-fluoro isomer was cleaved at only a slightly slower rate.! 
Moreover, the fluorophenylalanines are acted upon by b-amino acid oxi- 
dase at roughly the same rate as is phenylalanine.? All of these results 
made it seem highly possible that, in spite of the toxic action of m-fluoro- 
phenylalanine, one of the previously untested (0- or p-) fluorophenylala- 
nines might be able to replace phenylalanine in the diet of the rat. This 
paper reports such a study. 


EXPERIMENTAL 


The o- and p-fluorophenyl-pL-alanines were prepared by a variation of 
the method reported by Bennett and Niemann (10). The o- and p-fluoro- 
toluenes (Eastman Kodak Company) were brominated to yield the cor- 
responding fluorobenzyl bromides (11). They were condensed with the 
sodium derivative of acetamidomalonic ester in absolute ethanol; the crude 
condensation products were converted directly to the respective fluoro- 
phenylalanine hydrochlorides by refluxing a suspension in 6 N HCl for 
12 hours. After the hydrolysis mixture had cooled, the hydrochlorides 
crystallized and were collected on a sintered glass filter. They were dis- 
solved in a minimum amount of hot water and the free amino acids were 
precipitated by adjusting the acid solutions of the hydrochlorides to pH 
5 by the addition of concentrated NH,OH. An additional amount of 
amino acid was obtained by concentrating the acid mother liquors to dry- 
ness, dissolving the residue in a minimum amount of water, and precipitat- 
ing the amino acids at pH 5. ‘The over-all yield from p-fluorotoluene to 
p-fluorophenylalanine was 46 per cent, and from o-fluorotoluene to o-fluoro- 
phenylalanine was 44 per cent. 

Physical constants, yields, and analyses are given below, all the reactions 
were unequivoeal, and, since good elementary analyses were obtamed on 
the final products, it was considered unnecessary to purify and character- 
ize the intermediates further. For p-fluorobenzyl bromide, yield, 83 per 
cent; b.p., 73-75°(10 mm.); for p-fluorophenylalanine, yield, 55 per cent; 


‘Smith, L., Polglase, W. J., Lumry, R. W., Armstrong, and Lewis, J. 


D., unpublished observations. 
? Dittmer, K., personal communication, 
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m.p., 261° with decomposition (263.5-264° with decomposition (12), 259- 
261° (10)). 


Analysis—CsH,oO.NF. Caleulated. C 59.01, H 5.45, N 7.64 
Found. 59.08, 5.46, 7.53 


Yor o-fluorobenzyl bromide, yield, 80 per cent; b.p., 66-68° (14 mm.); for 
o-fluorophenylalanine, yield, 55 per cent; m.p., 260—262° with decomposi- 
tion (258.5—259° with decomposition (12), 244-—248° (10)). 


Analysis—C Calculated. C 59.01, H 5.45, N 7.64 
Found. 59.11, ‘* 5.42, 7.61 


The feeding experiments were conducted as described earlier (2). The 
only variation from the previous conditions consisted in the addition to 
the water-soluble vitamin supplement of 10 y of folic acid, 0.5 y of biotin, 
and 0.1 y of vitamin By: per day. 

The initial experiment, conducted with p-fluorophenylalanine, consisted 
of two parts. The first set of animals was given a diet devoid of phenylal- 
anine. It was expected that even though p-fluorophenylalanine were able 
to substitute for phenylalanine in the diet the animals would be tyrosine- 
deficient and thus would not grow. A second group of animals was given 
the compound in a diet containing an adequate amount of tyrosine. If 
p-fluorophenylalanine were able to replace phenylalanine in the diet, the 
animals would grow. The results of the initial experiment, however, 
showed that the compound, far from substituting for phenylalanine, is 
quite toxic. A similar experiment conducted with o-fluorophenylalanine 
showed that it, too, 1s not able to substitute for phenylalanine in the 
diet, but is quite toxic. 

The toxicity of the two compounds was next tested in diets which were 
not deficient in phenylalanine or tyrosine, as was the case in the above 
experiments. A comparison was made of the toxic effects when the ani- 
mals were fed the compounds at different levels in a diet which ordinarily 
supports growth. The diet contained an adequate amount of phenylalanine 
but no tyrosine. The results of this experiment are listed in Table I. 
When present in the diet in high levels the compounds appear to exhibit 
the same degree of toxicity, but, at lower levels, o-fluorophenylalanine 
appears to be roughly 2 or 3 times as toxic as the para isomer. 

A possible explanation for the greater toxicity of the ortho isomer is 
based upon the possible function of these compounds not only as competi- 
tive antagonists for enzyme systems but as substrates as well. It is pos- 
sible that o-fluorophenylalanine, while serving as an antagonist in some 
systems, is actually converted to 2-fluorotyrosine by another system. The 
resulting 2-fluorotyrosine then would act as an ‘“‘antityrosine,” and, since 
an antagonistic effect would be exerted against two amino acids, an ap- 
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TABLE I 
o- and p-Fluorophenylalanine in Tyrosine-Free and Tyrosine-Containing Diets 


PA, pu-phenylalanine; T, L-tyrosine; oF PA, o-fluorophenyl-p.L- pFPA, 
p-fluorophenyl-pL-alanine. 


TOXICITY OF O- AND p-FLUOROPHENYLALANINES 


* Animal died. 


Average 
Rat. No. oe ban A Supplement to basal diet 
change 
gm. gm. gm. per cent 
162 0 54 1.5 —2.00 | None 
4.4 +1.56 1.2 PA 
163 62 2.0 —2.00 | None 
3.9 +1.12; 1.2 PA + 0.10 pFPA 
164 9 60 1.5 —2.50 | None 
2.4 —0.12) 1.2 PA + 0.10 oF PA 
141 of 75 2.5 —2.25 | None 
2.8 —0.20 1.2 PA + 0.20 pFPA 
3.1 +0.70; 1.2 +0.20 
142 0 80 3.0 —2.50 | None 
1.9 —1.62 1.2 PA + 0.20 oF PA 
167 9 60 1.5 —3.00 | None 
1.0 —1.00 | 1.2 PA + 0.40 pFPA 
2.6 +0.15; 1.2 +0.40 
168 63 2.0 —2.50 | None 
1.5 —1.37 | 1.2 PA + 0.40 oF PA 
144 ¢ 79 3.5 —2.50 | None 
2.0 —2.27 | 1.2 PA + 0.80 pFPA 
145 @ 75 2.7 —2.50 | None 
1.8 —1.72; 1.2 PA + 0.80 oF PA 
147 0 80 3.2 —3.25 | None 
0.8 —3.75 | 1.2 PA + 1.60 pFPA 
148 of 76 2.7 —2.50 | None 
1.4 —3.00 | 1.2 PA + 1.60 oF PA 
176 56 2.2 —1.00; 1.5 T 
4.0 +1.09 | 1.5 + 0.5 PA 
177 9 59 2.0 —2.00; 1.5 * 
2.8 +0.58 | 1.5 “ + 0.5 PA + 0.10 pFPA 
178 9 59 1.8 —1.80 | 1.5 “ 
2.5 0 1.5 ‘+ 0.5 PA + 0.10 oF PA 
179 of" 62 2.2 —2.00;} 1.5 
2.7 —0.04 | 1.5 * + 0.5 PA + 0.20 pFPA 
180 64 1.8 —2.00 | 1.5 “ 
2.1 —0.71 | 1.5 * + 0.5 PA + 0.20 oF PA 
181 68 2.2 —2.20 | 1.5 “ 
2.0 —0.54 | 1.5 “* + 0.5 PA + 0.40 pFPA 
182 67 2.4 —~2.00 | 1.5 “ 
1.9 ~1.10} 1.5 4+ 0.5 PA + 0.40 oF PA 
9 59 1.8 ~1.40) 1.5 
2.6 | 1. 
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parently greater toxicity of the parent compound should be observed. To 
test this possibility several levels of the two compounds were fed to rats 
in a diet which contained an excess of tyrosine. If the greater toxicity of 
o-fluorophenylalanine resulted from the formation of 2-fluorotyrosine as an 
antimetabolite for tyrosine, the relative toxicity of the ortho and para 
isomers should be different than that observed in the preceding experiment. 
The results shown in Table I make it apparent that this is not the case. 
Not only is there no significant difference in the relative toxicity of the 
two compounds, but their absolute toxicity is practically the same in the 
two diets. 

This experiment suggests that the toxicity shown by o- and p-fluoro- 
phenylalanines cannot be due to more than a slight interference with tyro- 
sine metabolism, but is in some way concerned with phenylalanine metabo- 
lism. It may be due to an interference with phenylalanine metabolism 
in either a strictly competitive fashion or as a result of a function of the 
compounds as substrates for enzymes which may produce toxic compounds 
from the fluorine derivatives. 


SUMMARY 


The o- and p-fluorophenyl-pt-alanines have been shown to be toxic to 
rats when administered in the diet. They cause a marked lowering of the 
growth rate at levels as low as 0.1 per cent and at higher levels soon cause 
death. At 0.8 and 1.6 per cent in the diet, the ortho and para isomers 
show the same degree of toxicity. At lower levels the ortho isomer is 
roughly twice as toxic as the para compound. 

The toxicity of these compounds does not seem to be concerned with 
tyrosine metabolism but is restricted to an interference with phenylalanine 
metabolism. 
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PREPARATION OF TISSUE EXTRACTS FOR THE 
DETERMINATION OF MALIC ACID* 
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(From the Department of Biochemistry, Howard University Medical School, 
Washington, D. C.) 3 


(Received for publication, July 19, 1950) 3 


Hummel’s (1) fluorometric determination of malic acid requires the pre- 
cipitation of calcium malate by alcohol as a means of fractionation from 
biological materials. Fructose-1 ,6-diphosphate, glucose-6-phosphate, or 
glycogen if present must be removed. Below is described a method for 
preparing extracts of tissues which applies the principles of chromatogra- 
phy on silica gel. Osazone formation, precipitation of malate, and prelimi- 
nary hydrolysis for the removal of glycogen are thereby eliminated, since 
interfering carbohydrates do not appear with malic acid in the chromato- 
graphic zone selected. When the same chromatographic column that is 
employed for the preparation of the malate for analysis separates simul- 
taneously other acids of the Krebs cycle (2), the determination has enhanced 
utility. 


Procedure 


Samples of tissue ranging from 0.5 to 5 gm. were minced in acetone con- 
taining 3 ml. of 10 N sulfuric acid per liter of solvent, and the suspensions 
were made to 100 ml. in volume with the solvent. After standing for 2 to 
3 hours, the mixture was filtered through Whatman paper No. 1 and ali- 
quots representing 0.5 to 2 gm. of tissue were placed in beakers. These 
aliquots were dried in moving air and the residues were mixed with 1 ml. 
of 0.5 N sulfuric acid and 1 gm. of silica gel prepared as previously described 
(3). To the mixture were then added 15 ml. of 50 per cent (volume per 
volume) butanol in chloroform solution, and the suspension was poured 
into a vertically supported glass tube 10 mm. in diameter, having a cotton 
plug at a constricted bottom. When the suspension settled to a continu- 
ous mass, 35 ml. of the 50 per cent butanol-chloroform mixture were added 
to the top of the column and the entire effluent was collected in a 50 ml. 
beaker placed in a path of moving air so that evaporation continued 
throughout the extraction. Following the evaporation of the solvent, the 
contents were dissolved in 0.75 ml. of 30 per cent (volume per volume) ter- 
tiary amy] alcohol-chloroform and transferred to a 1 ml. volumetric flask, 


* Supported in part by a grant from the Damon Runyon Memorial Fund. 
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the washings completing the volume. One-half of this sample was placed 
on a silica gel column (2) formed from 1 gm. of silica gel suspended in 
chloroform. Glass tubing having a diameter of 6 mm. was used and the 
silica gel columns had an average height of 20 cm. 30 per cent tertiary 
amyl alcohol-chloroform was the solvent added. The first 15 ml. of the 
effluent were discarded and the next 30 ml. were collected in a vessel cali- 
brated for this volume. When 30 ml. had collected, the contents were 
mixed and 10 ml. aliquots were evaporated in air. The orcinol-sulfurie 
acid mixture was added directly to the dry residues, and the procedure 
from this point followed that of Hummel (1). 


Calibration 


Although previous studies (2, 3) had indicated that chromatography on 
silica gel in general is applicable to the determination of malic acid, the 
recovery of malate from the assigned portion of the effluent was examined. 


TABLE I 
Recovery of Malate from Effluent 
Values in micrograms. 


No. of Average malate (| Standard deviation 
chromatograms Malate taken found (for measurement) | AVerase recovery 
per cent 
5 9.5 9.2 +0.3 97 


The data shown in Table I indicate that the effluent collected (16th to the 
45th ml.) contains over 95 per cent of the malate added to the column. 


Application to Tissues 

In applying the procedure to tissues, it was first determined whether 
the malate zone of the effluent contained materials which would interfere 
with the fluorometric method of analysis. Samples of tissues were chro- 
matographed by obtaining 1 ml. fractions of the effluent instead of collect- 
ing the entire acid zone without fractionation. The fractions were me- 
chanically collected with the Technicon (4) collector, dried in air, and 
analyzed fluorometrically for malic acid. The symmetry of the curves 
resulting when the observed fluorescence is plotted against the fraction 
number served as an index of the homogeneity of the effluent band. The 
symmetry of such curves was examined by plotting the cumulative ob- 
served fluorescence, treated as frequencies, and expressed as cumulative 
per cent (5), against the fraction number on arithmetic probability paper. 

Data for a typical experiment in kidney, comparing observed and theo- 
retical points on the curve, appear in Fig. 1. These data indicate that 
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CUMULATIVE PERCENT 


Fic. 1. A comparison of the observed chromatographic curve for malic acid in rat 
kidney (solid line) with the normal distribution curve (dotted line (5)). The ob- 
served fluorescence readings from alternate fractions are treated as frequencies and 
expressed as cumulative per cent (abscissa). The fraction number (ordinate) numer- 
ically equals ml. of effluent. The sample weighed 0.93 gm., and the concentration 
of malic acid found, expressed as mg. per cent of wet tissue, was 1.5. 


TaBLeE II 
Concentration of Malic Acid in Tissues of Rat and Mouse 
Rat® (5 per group) Mouse 
Standard groups 
Average ‘deviation (3 — Average | Standard deviation 
group) 
meg. 
per cent per cent 
0.36 | +0.08 4 1.98 +0.29 
1.88  +0.26 3 3.43 0.33 (Range) 


The rats were males of the Long-Evans strain, weighing approximately 150 gm., 
fasted 6 hours. The mice were males, C3H strain, weighing approximately 20 gm., 


fasted 6 hours. 


* All determinations were in duplicate. 


the experimental curve approached the normal distribution curve (5) 
through the greatest number of points. 
In this experiment, the observed concentration of malate in the tissue 
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was 1.50 mg. per cent, which compared with the 1.45 mg. per cent ob- 
tained on an aliquot of the same tissue analyzed without fractionation 
of the malate zone. 


RESULTS AND DISCUSSION 


In Table II are indicated measurements of malic acid by this procedure 
in several tissues of the rat and mouse. In both species the malate con- 
tent of the kidney is greatest. Unlike that of fumarate (2), the malate con- 
centration of the brain is less than that of the kidney. All mouse tissues 
tested showed a higher concentration of malic acid than corresponding 
tissues of the rat. The foregoing combination of the chromatographic 
and fluorometric procedure couples the specificity of the former with the 
sensitivity of the latter. In the analysis for Fig. 1 the weight of the tissue 
sample was less than | gm. 


SUMMARY 


A procedure is described for the preparation of extracts of certain tissues 
for the fluorometric determination of malic acid. The application of the 
method to kidney, liver, and brain of the fasted rat and mouse showed that 
the highest concentration occurred in kidney. Concentrations of malate 
in the tissues of the mouse were higher than those in the corresponding 
tissues of the rat. 
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In continuation of previous studies on virus reproduction in the Eschert- 
chia coli bacteriophage system (2-6), the origin of the various nitrogenous 
components of bacteriophage Trt has been investigated with N'* to label 
either the nitrogen of the bacterial host or of the medium. It has been 
known for some time that no reproduction of the virus occurs if the host 
cells are suspended in a nitrogen-free medium (7, 8). The present experi- 
ments show that about 80 per cent of the viral N is derived from the me- 
dium and the other 20 per cent comes from the bacterial cell. A transfer 
of considerable quantities of bacterial desoxyribonucleic acid (DNA) to 
the virus apparently occurs in contrast to the relatively small amount of 
bacterial N that appears in the protein of the bacteriophage. 


Materials and Methods 


Preparation and Isotopic Analysis of Virus—The techniques used for the 
propagation, purification, and analysis of bacteriophage T, have previously 
been described (3, 4). Modifications of the synthetic medium used in spe- 
cific experiments are given in the appropriate sections. N?!> concentration 
was measured in the mass spectrometer; P®? was measured as previously 
described (5). ; 

Method of Virus Infectton—Since the adsorption of bacteriophage by 
the bacteria may require several minutes, the isotope content of labeled 
bacteria might change during this interval. However, in a series of ex- 
periments in which a variety of infecting techniques was employed, no 
significant differences attributable to the variations were observed. In 
Experiments 1, 2, and 3, the bacteria (after collection by centrifugation) 
were resuspended and immediately infected; in Experiments 4 to 11, the 
labeled bacteria were infected in N-free medium (in Experiment 4, the 
medium was both N-free and P-free) and the NH,Cl then added; in Ex- 


* Aided in part by a grant from The National Foundation for Infantile Paralysis, 
Inc. Presented in part at the meeting of the American Societies for Experimental 
Biology at Atlantic City, April, 1950 (1). 

t Present address, National Institutes of Health, Bethesda 14, Maryland. 
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periments 12, 13, and 14, the washed bacteria were suspended in N-free 
saline at 2° in about 1/100 of the final volume, the phage added, and the 
mixture immediately poured into the warm complete medium. 

Purity of Virus Preparations—Two criteria of purity for the phage prep- 
arations were used: homogeneity in the ultracentrifuge (4) and infectivity 
measurements (3). Phage preparations were routinely examined in the 
ultracentrifuge and found to be homogeneous; sedimentation diagrams 
have already been published (4). Infectivity measurements gave maxi- 
mum values of 10~1*-°° to 10~'8-° gm. of N per infectious unit for all prepa- 
rations except the 24 hour aliquot in Experiment 11, Table VIII, in which 
the small quantity involved precluded purification beyond an infectivity 
of 190715 .80, 

Separation of Virus Nucleic Acid N and Protein N—The total nucleic 
acid N was separated from the protein N of the purified phage by extrac- 
tion with hot trichloroacetic acid (9). Since the average N!* content of 
the isolated individual bases equaled that of the total nucleic acid fraction, 
values for the N' content of the nucleic acid fraction were regarded as 
representing the isotope content of the viral nucleic acid. Although N:P 
ratios of 1.64 to 1.7 were obtained for viral nucleic acid fractions, in good 
agreement with those reported for purified nucleic acid (10), it is not 
possible to exclude the presence of small quantities of foreign nitrogenous 
compounds. Although ribonucleic acid (RNA) is extracted by the hot 
trichloroacetic acid, its presence is quantitatively unimportant, since RNA 
nitrogen constitutes only 1 to 2 per cent of the total N (4). 

Isolation of Virus Nucleic Acid Bases—The hot trichloroacetic acid ex- 
tract containing the nucleic acid was refluxed with 5 per cent H.SO, and 
the purines were precipitated as silver salts (11). The supernatant, con- 
taining the pyrimidines, was removed, and the purine silver salts were 
treated with HCl. Silver chloride was centrifuged and the solution of 
adenine and guanine made alkaline (pH 8) with NaOH and evaporated to 
dryness. A sample of pure adenine was separated from the mixture of 
solids by sublimation tn vacuo at 220° for 6 hours. Pure guanine was iso- 
lated from the residue remaining after sublimation by precipitation as the 
picrate and then removal of the picric acid by ether extraction of the salt 
in aqueous HCl. 


Spectrophotometric Analysis— 


| E 
Adenine. Reported. ey = 0.180 and a = 1.38 (12) 
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4248 


Found. ae = 0.185,0.201 and a = 1.28 1.38 
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nas. 
N 1.61 and = 0.69 (12) 


Guanine, Reported, 


Found. = = 1.61, 1.68 and = = 0.74, 0.70 

The aqueous solution of the pyrimidine desoxynucleosides was concen- 
trated and the silver ions were removed with HCl. The nucleosides were 
then hydrolyzed with 30 per cent H2SO, in a sealed tube at 175°, according 
to the procedure of Woodhouse (13). The sulfate ion was removed with 
Ba(OH),; the solution was neutralized, evaporated to dryness, and a sam- 
ple of thymine obtained by sublimation at 150° in vacuo for 4 hours. The 
sublimed thymine was dissolved in HCl and purified by use of an ion ex- 
change column containing Dowex-50 as described by Cohn (14). All 
(100 to 110 per cent) of the N of the thymine solutions could be accounted 
for as thymine in a colorimetric determination (13) by using sublimed 
thymine (Schwarz) as a standard. 

The residue remaining after the sublimation of the thymine, containing 
cytosine and any uracil formed by deamination of the cytosine during 
hydrolysis, was dissolved in alkali and the pyrimidines were precipitated 
as the silver salts (13). These were treated with HCl and the AgCl was 
filtered to yield an aqueous solution of the pyrimidines. This solution had 
light absorption peaks at \ = 264 and 268 muy, suggesting the presence of 
cytosine and uracil, and was free of amino acids, as indicated by a negative 
ninhydrin test. 

Fractionation of Virus Protein—Since the protein fraction of the virus 
(the residue remaining after hot trichloroacetic acid extraction) was free 
of desoxypentose (negative cysteine reaction (15)) and contained only 
about 1 per cent of the total P, it was regarded as free of nucleic acid. 
This protein residue was fractionated into three portions: (1) acidic amino 
acids, (2) neutral amino acids, and (3) basic amino acids plus amide am- 
monia, by means of the Amberlite ionexchange resins IR-4-B! and IRC-50, 
as described by Winters and Kunin (16). Amide N was removed from 
the basic amino acid fraction by evaporating the solution to dryness at 
pH 14 in a vacuum desiccator. 


EXPERIMENTAL 


Relative Contribution of Medium and Host to N of Liberated Virus— 
Bacteria were grown in lactate medium, centrifuged, washed, and resus- 
pended in fresh lactate medium containing 0.01 per cent NH,Cl (10.1 atom 


1 Tt was necessary to pulverize the IR-4-B resin and wash it thoroughly to re- 
move all soluble N. 
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per cent excess N'*). ‘The bacteria were immediately infected (3.4 phages 
per bacterium) with a ‘T's concentrate and the suspension was aerated over- 
night. Lysis begins in several hours and is usually complete in 12 hours, 
but the solution was aerated overnight (as is the usual practice) and 
worked up the following morning. Fig. 1 dhows typical curves for virus 
growth under these conditions. The phage was isolated, fractionated, and 
analyzed as previously described (3, 4). The essential analytical data 


10 


VIRUS TITER 


10 


4 8 2 16 20 24 
TIME IN HOURS 

— Fic. 1. The rate of growth of Ts bacteriophage in synthetic lactate medium con- 

taining 0.01 per cent NH,Cl. The virus titer is given as number of virus particles 

per ml. of solution. Curve II represents the growth of the virus in kinetic Experi- 

ment 11 (see Table VIII); Curve A is from a non-isotopic experiment. 


are presented in Table I; figures for nitrogen partition for the bacteria used 
in Experiment 1 and other experiments are given in Table II. 

It is clear that about 80 per cent of the virus N originates from the me- 
dium after infection and that the remaining N is derived from the bacterial 
cell. In Experiment 1, 6 per cent of the N of the bacterium appeared in 
the viral progeny (see Table I, third line, and Table II, first line). Al- 
though the protein N of the bacterium is some 4 or 5 times greater than 
that of the virus particles derived from it, only a small portion of viral pro- 
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tein N is derived from the host. This is in marked contrast to the large 
contribution of the bacterial cell to the DNA N of the virus. 

Contribution of Bacterial N to Virus Nucleic Acid-—The experiments re- 
ported in this and subsequent sections involved the use of labeled bacterial 


Tanie I 


Growth of Bacteriophage To6r+ on Unlabeled Bacteria in Medium Containing 10.1 
Atom Per Cent Excess N** 


‘ Vi N 
Experiment 1 N'§ content Pa from avera e 
per cent y 107% 
Total bacteriophage Nf.................... 8.19 81.1 3.7 
Bacteriophage nucleic acid N............... 6.73 66.7 3.2 


* Calculated as yield X micrograms of protein N per Ts X fraction of N from -bac- 
teria. Ezample for protein N, 173 X 4.8 XK 10-™ X 0.088 = 0.73 K 10° y of N. 

t Infectivity = 10-'5-°§ gm. of N per phage; homogeneous in the ultracentri- 
fuge (see (4)). 


TABLE II 
Distribution of N in Average Bacterial Cell* 

64 55 44 45 55 
Acid-soluble N................... 5.3 2.7 1.1 2.7 
Alcohol-soluble N................ 8.7 11.7 9.6 8.2 12.3 
Nucleic acid N................... 13.4 10.9 8.7 7.6 11.6 
8.6 7.0 5.6 4.9 7.5 
Yield of virus per cell............ 173 160 115 | 50 119 


* All values expressed as 10-® y of N. 
t Values calculated from total nucleic acid N and measured ratios of P for the 
two nucleic acids (4). 


cells with unlabeled media, since this gave a direct and more precise meas. 
ure of the host contribution to the viral progeny. 

Experiments 3, 5, 7, 12, and 13 (Table III) were performed with labeled 
bacteria containing 10 atom per cent excess N!®. In Experiments 3, 5, 
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and 7 the quantity of nucleic acid obtained by fractionation of the virus 
was insufficient to permit more than measurement of the N!* content of 
the total purine and total pyrimidine fractions. In Experiments 12 and 
13, however, the individual purine and pyrimidine bases were isolated. 
Bacterial N was found in both the purine and pyrimidine fractions of the 
virus nucleic acid in all of the experiments, and in Experiments 12 and 13 
each of the four individual bases isolated contained significant amounts of 
the isotope. Inasmuch as it has been possible to demonstrate a direct 
transfer of purines from bacterial host to virus (17), it is possible that the 
presence of bacterial N in the pyrimidine fraction of the virus indicates a 
similar direct transfer of thymine and cytosine, 


III 
Distribution of Bacterial N in Phage Nucleic Acid 


| Per cent N derived from bacterial host 


|Experiment |Experiment |Experiment | Experiment 
| 3 5 7 12 13 
Phage nucleic acid N............ 26.1 24.9 38.2 16.0 16.9 

| 21.8 18.8 
“ pyrimidine N.............. | 21.8 16.6 31.8 
| 14.5 15.9 
“eytosine and uracil N’’... | 14.7 17.8 


Contribution of Bacterial N to Virus Protein—Data referring to five ex- 
periments concerned with measurement of the fraction of virus protein N 
originating from the bacterial cell are given in Table IV. The contribution 
of bacterial N to the virus protein appears to constitute only 1 to 2 per 
cent of the total bacterial N and to be equivalent to only about 2 to 4 per 
cent of the bacterial protein N (Table II). Apparently very little of the 
N of the bacterial protein is available for virus synthesis and the bulk of 
the N of virus protein is derived from the medium. 

It would be of considerable interest to determine the exact nature of 
the bacterial N contribution. The two most likely sources are (a) the 
so called ‘‘acid-soluble” N of the bacterial cell, consisting of a mixture of 
nitrogenous compounds of low molecular weight, and (b) the bacterial pro- 
tein itself. In all of the experiments the quantity of acid-soluble bacterial 
N present is adequate to account completely for the viral protein N de- 
rived from the bacteria, and in Experiment 11 (Table IV) there was suffi- 
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cient ammonia N to serve as a sole source of N. However, it is possible 
to exclude bacterial NH; as the principal source of the isotopic N found 
in the virus protein, for in Experiments 3 and 4 the bacterial ammonia N 
could account only for 50 per cent and 12 per cent, respectively, of the 
bacterial contribution to viral N. In Experiment 5, in which the NA, 
content of the labeled bacteria was decreased by aeration for 4 hours in 
an N-free medium, only 14 per cent of the N'* in the virus protein could 
be derived from this source, 


TV 


Experiment No, Phage protein N from host Phage protein N from host* 
per cent 10° 
1 8.8 0.73 
3 15.1 1.1 
4 21.5 0.50 
5 13.2 0.73 
11 10.5 0.55 


* Calculated as in Table I. 


TABLE V 
Distribution of Bacterial N in Phage Protein 


Per cent N derived from bacterial host 


Experi- Experi- Experi- Experi- 

ment 3 ment 7 ment 12 | ment 13 
Acidic amino acid N.........................-. 10.7 14.8 4.3 8.65 
Basic 2. 19.3 6.36 8.35 


The protein N of samples of T's can be subdivided into acidic amino acid 
N, neutral amino acid N, and basic amino acid N plus amide ammonia N 
(Table V). The distribution of bacterial N among these various fractions 
is similar but not identical in every experiment. It is evident that bacte- 
rial N is present in most, if not all, of the amino acids of the virus protein. 

Contribution of Bacterial N to Acid-Soluble N of Virus—Considerable 
amounts of the acid-soluble nitrogen of the virus are derived from the bac- 
terial host. The percentages of bacterial N found in the acid-soluble 
fraction of the virus are remarkably close to the percentages of bacterial N 
occurring in the viral DNA: in Experiment 1, 33.3 per cent bacterial N in 
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the viral acid-soluble fraction, 33.3 per cent of bacterial N in the virus 
DNA; in Experiment 2, 27 per cent against 27.7 per cent; and in Experi- 
ment 3, 24.7 per cent against 26.1 per cent. Whether these results indi- 
cate that both viral fractions may have a common source remains to be 
established. 

Effect of Different Media on Transfer of Bacterial N to Virus Nucleic Acid 
and Proteins—Since the nitrogen concentration of the synthetic medium 
employed in most of our experiments was lower than that employed by 
other workers (18-20), it was possible that the transfer of bacterial N ob- 


TaBLe VI 
Effect of Different Media on Transfer of Bacterial N to Virus Progeny 
rus 
virus N | nuclete protel 
No. host from host | from host 
per cent per cent | per cent 
1 | Mediumt — 0.01 % NEC! 18.9 33.3 8.8 
2 ws — 0.01 % 21.4 27.7 7.8 
4 28.0 37.2 21.5 
5 —0.01% 20.9 24.2 13.2 
8 —~0.01% 25.9 37.9 11.0 
11 —0.01% 26.3 38.2 10.5 
3 3 — 0.02% “* 20.6 26.1 15.1 
12 = —0.10% “ 11.6 16.0 5.7 
13 — 0.01% +purinesupplement{, 13.1 16.9 8.21 
14 | Nutrient broth 22.1 16.9 21.3 


* Experiments 6, 7,9, and 10 are not included because they were the early aliquots 
in the kinetic experiments on contribution of bacterial N to bacteriophage (see 
Table VIII) and do not represent the effect of the media on N transfer. 

Synthetic lactate medium (3). 

t 50 mg. of adenine and 50 mg. of guanine were added per liter of medium. 


served in our experiments was a reflection of this practice and would not 
occur if higher concentrations of nitrogen were present in the medium. To 
examine this point, bacteria were labeled in lactate medium containing 
0.01 per cent N!5H,Cl (10 atoms per cent excess), and, after harvesting 
and washing, resuspended in the various media listed in Table VI. A 
transfer of bacterial N to virus nucleic acid and protein occurs even though 
the N concentration of the medium is 2 to 10 times greater than that used 
in our earlier experiments. 

A somewhat similar situation obtains with the purine bases. It has 
been shown previously that E. coli can convert adenine present in the 
medium directly into the adenine and guanine moieties of its nucleic acids 
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without other metabolic transformation of the purine base taking place 
(17). It was found, however, that bacterial purines are transferred to 
the virus even when the experiment is carried out in a medium supple- 
mented with large quantities of adenine and guanine (Experiment 13, 
Tables VI and III). Further, the isotope content of the individual bases 
isolated from the virus in such an experiment indicates that the quantity 
of bases transferred is not appreciably affected by the presence of the free 
bases in the medium (compare with Experiment 12, Table III). Finally, 
bacterial N is still transferred to the viral progeny even if the infected cells 
are suspended in nutrient broth containing a variety of amino acids and 
other complex nitrogenous substances (Experiment 14, Table VI). 
Although it is apparent that the transfer of bacterial N to phage prog- 
eny is obligate in the sense that no addition to the medium can abolish 
it, the N concentration of the medium does have some effect on the size 


Isotope Content of Nucleic Acid from 15 Bacteriophage Grown on E. coli Containing 
and 


Bacteria Virus NA* Relative isotope content : 
Ratio of 
Experiment bacterial 
No. Specific | Specific | Virus NAN |VirusNAP | contribution, 
N15 radio- Nis radio- N:P 
activity activity | Bacterial N | Bacterial P 
atom per c.p.m. atom per C.p.m. 
cent P cent P per cont per cons 
3 10.5 252 2.74 45.6 26.1 18.1 1.44 
4 9.64 201 | 3.859 57.4 37.2 28.5 1.31 


* Nucleic acid. 


of the bacterial N contribution. An increase in the N content of the me- 
dium appears to decrease the per cent of virus nucleic acid derived from 
the host but does not appear to affect directly the per cent of virus protein 
N originating in the bacterial cell. 

Transfer of Bacterial N and P—FEarlier experiments with P*? have dem- 
onstrated a transfer of bacterial DNA P to the viral progeny (2, 5). A 
direct transfer of purine bases is apparently involved in this process. The 
fact that the transfer of the bases is independent of the presence of the free 
bases in the medium suggests that the bacterial DNA is being transferred 
as large nucleic acid fragments. ‘To examine this possibility, bacteria were 
simultaneously labeled with P® and N’® in the expectation that equal 
transfer of nucleotide units of bacterial DNA would result in the ratio (per 
cent of virus nucleic acid N derived from the host)/(per cent of virus nu- 
cleic acid P derived from the host) equaling 1. However, as shown in 
Table VII, ratios of 1.3 to 1.4 are actually observed. Some rearrangement 
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of the components of bacterial DNA must therefore occur during the trans- 
fer to the virus, but both the qualitative and quantitative aspects of this 
remain obscure. 
TaBLeE VIII 
Kinetics of Contribution of Bacterial N to Bacteriophage 


Per cent N derived from host* 
Experiment 8 Experiment 11 
Incubation time, Ars.......... 5.5 7 24 3 5 24 
Total phage N............... 28.9 26.9 25.9 38.3 31.1 26.3 
Phage nucleic acid N......... 37.1 38.1 37.9 42.7 43.2 38.2 
17.6 17.4 11.0 26.6 12.7 10.5 


. Atom % excess N" in virus N 


Atom % excess in bacteria prior to infection 


100. 
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% OF VIRUS PROTEIN N DERIVED FROM HOST 


l l 1 L L 
40 80 120 160 200 240 280 320 
YIELD OF VIRUS PER BACTERIAL CELL 


Fig. 2. The relation of the per cent of virus protein N derived from the host to 
the yield of virus particles per bacterial cell. O refers to kinetic Experiment 8 
and @ to kinetic Experiment 11. O refers to other individual experiments. 


Kinetics of Use of Bacterial N for Synthesis of Viral Nucleic Acid and 
Protein—It was of considerable interest to compare the isotope concentra- 
tion of the various viral N fractions of phage liberated from bacteria lyzing 
early, with a relatively small burst size, with phage liberated from bacte- 
ria lyzing after a longer period of incubation with a larger burst size (21). 
Since virus growth can be almost entirely inhibited by lowering the tem- 
perature of the infected mixture (22), the necessary aliquots could be 
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obtained by rapid chilling and filtering of portions of the infected sus- 
pension. 

In the first kinetic experiment (No. 8, Table VIII) 16 liters of N?*- 
labeled E. coli were collected, washed, and resuspended in 16 liters of 
unlabeled lactate medium containing 0.01 per cent NH,Cl. A 10 liter 
aliquot was removed after 5.5 hours of incubation at 37°, divided into 2 
liter portions, and chilled to 5-10° by cooling in ice buckets. The cold 
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YIELD OF VIRUS PER BACTERIAL CELL 


Fic. 3. The relation of the per cent of virus nucleic acid N derived from the host 
to the yield of virus particles per bacterial cell. © refers to kinetic Experiment 8 
and @ to kinetic Experiment 11. © refers to other individual experiments. The 
curve represents the transfer of all the bacterial DNA and was calculated by using 
the DNA content of an average bacterial cell and the DNA content of the virus 
produced. 


suspensions were immediately filtered in the cold room (2°) by using a 
battery of six large (10 inch) Mandler candles. The whole process re- 
quired 50 minutes, and no appreciable increase in the virus titer could be 
detected in this time. A 4 liter aliquot removed after 7 hours and a 2 
liter aliquot at 24 hours were treated in the same fashion. 

In Experiment 11 eight 6 liter Florence flasks containing a total of 32 
liters of infected bacteria were used. Aliquots were removed from each 
flask at 3 hours (20 liters), 5 hours (10 liters), and 24 hours (2 liters) and 
passed through a glass spiral coil immersed in a cooling bath at —5°. The 
cooled solutions (about 7°) were filtered as in Experiment 8. | 

The experiments show a striking difference between viral protein and 
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viral DNA (Table VIII). The quantity of bacterial N appearing in the 
viral DNA remains constant, with increasing time of lysis, at least in a 
given experiment, while the quantity of bacterial N appearing in the viral 
protein decreases rapidly. The decrease in the quantity of bacterial N 
appearing in the total virus, which occurs with increasing time, is due, 
then, to the decrease in the viral protein fraction. The per cent of virus 
protein N derived from the bacteria decreased 38 per cent from 5.5 hours 
to 24 hours in Experiment 8, and 60 per cent from 3 hours to 24 hours in 
Experiment 11. Approximately the first 50 per cent of the virus particles 
liberated contains about 75 per cent of the N'® found in the phage in the 
final lysate. As the synthesis of virus particles apparently continues al- 
most until the cell is lyzed (23), the protein of the last particles synthesized 
in the last bacterial cells to lyze contains little or no bacterial nitrogen. 
The absolute level at which bacterial N is contributed to either the viral 
protein or the viral DNA varies from experiment to experiment. In the 
case of viral protein, consideration of the data from a large series of experi- 
ments (Fig. 2) indicates that there is an inverse relationship between the 
quantity. of bacterial nitrogen appearing in the protein of phage in a given 
experiment and the number of particles of phage produced per bacterium, 
t.e., the yield of virus.?, On the other hand, the level at which bacterial N 
appears in viral DNA seems independent of the yield of virus (Fig. 3) but 
dependent on the amount of available N in the medium (see Table VI). 


DISCUSSION 


The interpretation of experiments with N’® and P® for following the 
transfer of materiais from the bacterial cell to the virus would be difficult 
if extensive exchange reactions occur between the marked compounds of 
the bacterial cell and the materials of the medium after infection and be- 
fore lysis of the bacterial cell. However, the available evidence argues 
against such reactions occurring on a large scale. For example, in the P® 
experiments the phosphate content of the medium is about 500 times that 
of the bacterial cell and the quantity of P*® found in the virus is much too 
high to result from exchange reactions (see Table VII). Moreover, Labaw, 
Mosley, and Wyckoff have shown that phosphorus taken up by E. coli 
does not exchange with the nutrient medium (24). 

In experiments involving N"™, such as Experiment 1, Table I, similar 


2 The yields are minimal values because some of the virus was lost by readsorp- 
tion on unlyzed bacteria. The yields in the aliquots in the kinetic experiments were 
calculated assuming that all the bacteria had burst. Errors introduced by these 
assumptions about the yields do not appear to be large and therefore it can still be 
concluded that the per cent of protein N derived from the host and the yield of virus 
vary inversely. 
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considerations obtain. Here the medium contained 26 y per ml. of am- 
monium N?* at 10 atom per cent excess and 22 y per ml. of unlabeled bac- 
terial nitrogen. If complete equilibrium between the N compounds of 
the infected bacterial cell and the medium had occurred, then the N’* con- 
tent of the virus would have had an isotope concentration of 5.3 atom per 
cent excess; 2.e., 53 per cent of the viral N would come from the medium 
and 47 per cent from the bacteria. However, it is found that 91.2 per cent 
of the virus protein N came from the medium and 8.8 per cent from the 
bacteria. This would permit a maximum of 10 per cent exchange between 
the bacterial N and the medium. 

Other considerations would place the quantitative limit for possible ex- 
change reactions at even a lower level. It has already been pointed out 
that the yield of phage per bacterium is inversely related to the percentage 
of phage protein N derived from the bacterial host (Fig. 2). In each of 
these experiments the incubation time was the same. If one assumed that 
exchange had occurred between bacterial and medium N, one would expect 
that the isotope content of the materials from which the virus was synthe- 
sized would be the same in all cases, and that the isotope content of the 
viral progeny should be independent of the yield of phage. This is not 
the case. Further, one can double the N content of the medium without 
any decrease in the transfer of N from host to virus (compare Experiments 
2 and 3, Table V1). It would be difficult to reconcile this with the occur- 
rence of extensive exchange reactions. 

Under our experimental conditions lysis inhibition occurs with E. coli 
phage ‘Tert, and it would seem possible therefore that the quantitative im- 
portance of potential exchange reactions between the unlyzed bacterial cell 
and the medium would be enhanced by virtue of the long period before 
lysis takes place. It is of interest in this connection to point out that Gold- 
wasser (25), in a study of the Shigella paradysenteriae phage system, in 
which no lysis inhibition is observed, finds that a considerable portion of 
the virus P is obtained from the bacterial host in a manner similar to that 
observed by us with Ts. 

Subject to such limitations, our data suggest that after infection of the 
bacterial particle the synthesis of viral protein occurs, the major portion of 
the necessary material coming from the external medium, possibly through 
the interfhediate stage of the compounds contained in the acid-soluble N 
fraction. A limited amount of bacterial N is used in the synthesis of the 
protein of the first phage particles but this is apparently soon exhausted. 
Also, a synthesis of viral DNA occurs and considerable quantities of bac- 
terial DNA are transferred to the viral progeny. 

The use of host DNA for the synthesis of viral DNA is an unusual and 
important phenomenon. That such a process occurs is suggested by the 
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following facts. It has been shown in a large series of experiments that a 
considerable portion of the viral nucleic acid N is derived from the host. 
When the purines, adenine and guanine, of the nucleic acid fraction of the 
bacteria are labeled with radioactive carbon, it is found that the adenine 
and guanine of the viral nucleic acids isolated from such a source are highly 
radioactive and that the isotopic carbon marker appears only in adenine 
and guanine; 2.e., a direct transfer of the purine bases from the bacterial 
host to the virus has occurred (17). Kinetic experiments (Table VIII), 
showing that the N'® content of the phage nucleic acid is independent of 
the time of liberation of the virus, although the N'® content of the phage 
protein decreases with time and appears to be derived from a diminishing 
source, suggest an obligate transfer of the bacterial DNA to viral prog- 
eny. Further, it has been found that the virus thymine contains large 
amounts of bacterial N and, as thymine occurs only in the DNA fraction 
of the bacterial host, this points strongly to the use of host DNA in virus 
synthesis. Also, it should be pointed out that, in all of the experiments, 
there is sufficient N' in the bacterial DNA to account for the entire iso- 
tope content of the DNA of the virus. In Fig. 3 the relationship between 
the yield of virus per bacterial cell and the transfer of 100 per cent of the 
host DNA is compared with the experimental results obtained. It would 
appear from this curve that one need not postulate any major contribution 
to viral DNA from bacterial sources other than the DNA itself, and that 
in some instances practically the whole of the bacterial DNA (up to 85 
per cent, exclusive of losses) is being carried over.* 

The evidence for the non-utilization of other bacterial nitrogenous com- 
pounds for the synthesis of virus DNA can be summarized as follows: (1) 
The bacterial acid-soluble N!5, as well as that amount of bacterial protein 
which might be exchanged, is insufficient to account for more than a small 
fraction of the N'*5 found in the virus DNA. (2) Bacterial ribonucleic acid 
purine and pyrimidine N can also be excluded as the source of the bacterial 
N contributed to the virus nucleic acid, since this bacterial fraction is 
apparently inert upon infection. The pentose content of T.-infected cells 
is constant‘ and the RNA of the cells infected by the homologous T; phage 
does not take up radioactive P (27). Also, it seems unlikely that free 
bases from bacterial RNA are used in the synthesis of the virus, since the 
presence of free bases in the medium does not influence the ttnsfer of 
bacterial N. (3) Finally, Cohen (27) has shown that the phospholipides 
of infected cells are inert, and so this source of N is also excluded. 


* It is of interest that Luria and Human (26) have observed the disruption of 
chromatin material, presumably DNA, within the bacterial host shortly after infec- 
tion with phage. 

‘ Kozloff. L. M., and Mackal, R., unpublished results. 
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Since it appears certain that a transfer of bacterial DNA to the virus 
does occur, one is concerned with the question as to whether the nucleic 
acid is being transferred as such, or whether it is broken down into nucleo- 
tides, nucleosides, free purines, or other fragments, and then rebuilt. 
There is evidence that the virus DNA differs in composition (7.e., in the 
relative amounts of purine and pyrimidine bases present) from the bacte- 
rial DNA (17), but this could result from the transfer of large units of 
intact bacterial nucleic acid, coupled with the synthesis in varying amounts 
of one or other components of the nucleic acids, since our data show that 
the bacterial contribution to virus nucleic acid is supplemented by large 
quantities of nucleic acids derived from the medium. The fact that N and 
P are simultaneously transferred might suggest that at least nucleotide 
units are involved in the transfer, but the observed ratio of N transferred 
to P transferred is from 1.3 to 1.4. Evidently, then, some alteration of 
the bacterial nucleic acid must occur. However, the fact that the addition 
of free purines to the medium is without effect on the transfer suggests 
that more complex units than the simple bases are being transferred. The 
question of the molecular size of the nucleic acid which is transferred re- 
mains still unanswered. 

If the transfer of bacterial DNA is essential to the synthesis of the virus 
particle, it seems probable that a large unit possessing some degree of bio- 
logical specificity would be transferred, and that each virus produced 
would contain a discrete amount of the bacterial DNA or DNA fragment. 
The kinetic experiments, which show that the percentage of virus DNA 
derived from the host is independent of the time of incubation and of the 
yield of virus, support such an interpretation. As, in a given experiment, 
there is the same per cent of isotope in the virus DNA, no matter how 
many virus particles are produced per bacterial cell, it seems probable 
that bacterial DNA is not being used simply as a non-specifi¢ and easily 
available reservoir of materials for the synthesis of those virus particles 
being formed in the initial stages of virus reproduction, but rather that 
each virus particle receives the same amount of bacterial DNA. 


SUMMARY 


Studies have been carried out on the precursors of the nitrogenous com- 
ponents of Ts bacteriophage with both N?°-labeled Escherichia coli cells 
and medium. While the medium is the source of about 80 per cent of the 
virus N, bacterial N is contributed to both phage nucleic acid and protein. 
Isolation and analysis of virus DNA purine and pyrimidine bases, growth 
of the virus on N?#5- and P*-labeled host cells, and balance and kinetic 
experiments have shown that some bacterial DNA is transferred to each 
new virus particle. The amount transferred represented 16 to 43 per cent 
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of the total virus nucleic acid N and was independent of the time of lysis 
or of the yield, but was influenced by the N content of the medium at the 
time of infection. 75 to 95 per cent of the phage protein N came from the 
medium after infection, while the remaining 5 to 25 per cent was contrib- 
uted by the host. The bacterial N contribution was distributed among 
the various amino acids of the virus. The per cent of phage protein N 
derived from the bacteria was inversely proportional to the time of incu- 
bation and to the number of virus particles produced per bacterial cell. 


The technical assistance of Mrs. L. MacKenzie, Mr. Dean Miller, and 
Mr. Roy Mackal is gratefully acknowledged. Thanks are also due to Dr. 
H. 8S. Anker and Mr. Charles McCoy for the determinations of N", 
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INFLUENCE OF SUCCINYLSULFATHIAZOLE AND FOLIC 
ACID ON GLUTAMIC ACID EXCRETION 


By HOWARD A. BAKERMAN, MILTON SILVERMAN, anp FLOYD S. DAFT 


(From the Experimental Biology and Medicine Institute, National Institutes of 
Health, Bethesda, Maryland) 


(Received for publication, August 5, 1950) 


In an effort to determine the effect of dietary succinylsulfathiazole (SS) 
on the urinary excretion of amino acids by the rat, analyses were made 
for fifteen amino acids occurring in the urine. The results indicate that 
the excretion of glutamic acid is markedly influenced by the presence of 
the sulfonamide in the diet and that the effects of the SS are reversed by 
folic acid (FA). 


Methods 


At weaning or shortly thereafter, eighteen male, albino rats from six 
litters (Osborne and Mendel strain; average weight 39 gm.) were placed 
on purified diets as follows: one rat in each litter was given the unsupple- 
mented basal diet, one was given the basal diet supplemented with SS 
(1 per cent succinylsulfathiazole replacing an equal amount of glucose), 
and one was given the basal diet supplemented with SS plus FA (4 ¥ of 
FA! per gm. of diet). The three animals in each litter were pair-fed to 
rule out effects due to differences in food intake. The basal diet supple- 
mented with SS was the same as that used by Daft and Sebrell (1) except 
that the daily supplement included 20 y of vitamin K (2-methyl-1,4- 
naphthoquinone, ‘‘menadione’’) and 0.5 y of biotin. 

Blood counts (leucocyte, granulocyte, and hematocrit) were taken peri- 
odically, and, when the leucocyte count of the rats on the basal diet plus 
SS fell to 4000 per c.mm. or below and the granulocyte count to 200 or 
below, the rats were treated by adding 20 y of FA per gm. of diet. At 
this time, litter mate controls (receiving the basal diet or the basal diet 
supplemented with FA and SS), in each case, had higher granulocyte 
counts. The food intake of all six litters averaged approximately 8 gm. 
per day, except for the 3 or 4 days prior to treatment or death, when it 
fell to approximately 5 gm. per day. The food intake of the treated rats 
and their litter mates was restricted to the average intake prior to treat- 
ment. The average weight at the onset of granulocytopenia was 101 gm. 

Kach rat was kept separately in a metabolism cage. The urine was 


1 Crystalline folic acid obtained from the Lederle Laboratories Division, Ameri- 
can Cyanamid Company. 
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collected under toluene and transferred daily to the refrigerator. Urine 
specimens from three or more successive days were combined and filtered, 
the pH was adjusted to 6.4 to 6.8, and microbiological determination of 
fifteen amino acids was made. In the determination of microbiologically 
available (“free’’) amino acids (except cystine) the diluted urine specimens 
were added to the basal media and autoclaved at 10 pounds of steam 
pressure for 8 minutes. For the cystine assay, the standard and the urine 
samples were autoclaved separately and then added aseptically to the 
basal medium. For the determination of total amino acids, samples were 
first hydrolyzed by autoclaving the urine for 5 hours with 2 Nn H2SO, for 
the glutamic acid assay and with N H.SQ, for the other amino acids. 
The higher concentration of H,SO, was employed in the preparation of 
samples for glutamic acid assay in order to avoid the formation of pyr- 
rolidonecarboxylic acid. No attempt was made to determine total trypto- 
phan or cystine. 

Methionine was determined by the method of Lyman et al. (2).2 Cys- 
tine, tryptophan, and tyrosine were determined by the same method, the 
appropriate amino acid being omitted from the medium. Histidine, iso- 
leucine, and leucine were determined by the method of Henderson and 
Snell (3).2. Premixed microbiological assay media? based on the methods 
of Dunn et al. (4-6) were found to be satisfactory for the arginine, aspartic 
acid, glutamic acid, glycine, lysine, phenylalanine, threonine, and valine 
assays. Their reliability was established by comparison with results ob- 
tained by employing the methods of Henderson and Snell (3) and of 
Horn, Jones, and Blum (7). Essentially the same results were obtained 
by all three procedures. Leuconostoc mesenteroides P-60 was used for 
aspartic acid, cystine, glycine, histidine, isoleucine, lysine, methionine, 
phenylalanine, and tyrosine assays. Lactobacillus arabinosus 17-5 was 
used for glutamic acid, leucine, tryptophan, and valine assays. Lacto- 
bacillus casei ATCC No. 7469 and Lactobacillus fermenti 36 were used 
for arginine and threonine assays respectively. Sufficient p-aminobenzoic 
acid was present in the basal media to counteract any effects of SS in the 
urine specimens. 


Results 


In general, rats maintained on the basal diet plus SS excreted larger 
amounts of amino acids than did their litter mates. The results for the 


2 The vitamin content of the medium was modified to contain 2 mg. of thiamine 
hydrochloride, 2 mg. of calcium pantothenate, 2 mg. of niacin, 4 mg. of riboflavin, 
4 mg. of pyridoxine hydrochloride, 0.4 mg. of pyridoxal, 0.4 mg. of pyridoxamine, 
0.4 mg. of p-aminobenzoic acid, 20 y of biotin, and 3 y of FA per liter of double 
strength medium. 

3 Obtained from the H. M. Chemical Company, Ltd., Los Angeles, California. 
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microbiologically available (‘free’) amino acids are shown in Table I. 
Values for total amino acids after hydrolysis were obtained from a limited 


number of samples. 
the free amino acids. 


For the most part these values paralleled those of 
Except for glutamic acid and cystine, total values 


are shown when differences of 50 per cent or more in free amino acids 


Excretion of Fifteen Amino Acids 


TABLE 


No. of 


‘‘Free’’ amino acid excreted 


Per cent of ingested amino 


Amino acid tions per 
group at Basal diet Basal diet 
Arginine............ 4 600 440 380 1.73 1.20 1.06 
(2) (620) (460) (420) | (2.01) | (1.40) | (1.29) 
Aspartic acid........ 4 89 78 86 0.14 0.11 0.13 
ns 4 230 150 150 4.15 2.54 2.54 
Glutamic acid....... 16 11,000 1490 2130 4.68 0.65 0.93 
9 2,590 | 2060 1900 | 12.40 9.52 8.94 
Histidine............ 19 240 180 130 0.83 0.61 0.42 
(5) (400); (330) (310) | (1.33) | (0.95) | (0.94) 
Isoleucine........... 2 270 280 130 0.53 0.52 0.24 
(2) (650) (520) (520) | (1.27) | (0.97) | (0.96) 
Leucine............. 4 660 660 710 0.70 0.65 0.70 
7 560 480 310 0.81 0.68 0.44 
(2) (1,570), (1110) | (1060) | (2.50) | (1.68) | (1.60) 
Methionine.......... 5 150 160 120 0.64 0.65 0.50 
Phenylalanine...... 5 310 260 240 0.60 0.48 0.43 
Threonine........... 6 310 220 190 0.76 0.49 0.42 
(2) (900), (760) | (680) | (2.58) | (2.06) | (1.84) 
Tryptophan......... 12 180 170 140 1.60 1.50 1.31 
220 160 140 0.44 0.34 0.31 
7 560 530 280 0.71 0.67 0.36 
(2) (760), (600) (570) | (1.17) | (0.88) | (0.83) 


The values in parentheses indicate the totals after hydrolysis. 


* Calculations based on amino acid composition of casein as reported by Hankes 


et al. (13). 


occurred among litter mates. 
if the total excretion of these individual amino acids is considered. 


In many cases these differences are reduced 


Although in general the animals on the basal diet plus SS excreted 
larger amounts of amino acids, the differences, except in the case of glu- 


tamic acid, were not consistent. 


Individual variations occurred and values 


overlapped, and so in many collection periods the excretion rates of the 
control animals exceeded those of the litter mates on the basal diet plus 
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SS alone. Sauberlich e¢ al. (8) have indicated that wide variations in the 
excretion of ingested amino acids occur among individual animals in 
groups receiving the same diet. Nevertheless, in each instance rats on 
the SS diet excreted excessive quantities of glutamic acid. 

The increased output of glutamic acid was generally observed before 
the granulocytopenia or loss in weight occurred. It was only during the 
short period prior to death or treatment that the rats on the basal diet 
plus SS lost weight at a more rapid rate than did the control animals. 


TaBLeE II 
Excretion of Glutamic Acid 


a hte Free glutamic acid excreted per day 
Litter Collection period} from start of 
experiment Basal diet Basal + Unsupplemented 
+ SS SS + FA basal diet 
7 Y 

A 1 26-30 10,400 860 480 
2 33-37 16,100 1070 940 

1 25-29 10,200 1100 460 

2 29-36 7,500 1170 800 

3 36-42 9,900 1080 420 

C 1 25-29 12,700 1810 9300 
2 29-36 16 ,200 1290 6450 

D 1 49-56 10,600 2520 2190 
2 56-63 7,400 2230 1000 

3 63-70 11,600 3220 2760 

1D 1 11-14 6 ,200 730 4000 
2 25-28 12 ,600 600 1240 

3 28-32 13 ,000 1400 920 

F 1 10-14 6 ,000 1720 1440 
2 38-41 16,000 1520 800 

3 49-52 9 ,600 1520 860 

Average..... 11,000 1490 2130 


In this connection, Elwyn and Sprinson (9) have noted that rats on a FA- 
deficient diet are unable to convert serine to glycine at a normal rate. 
This defect was displayed before the loss of weight and hematological 
symptoms of FA deficiency became apparent. 

As Table I indicates, the addition of FA to the diet prevented the 
increase in excretion of glutamic acid. Results which show the variations 
obtained from litter to litter are presented in Table II. Animals receiving 
SS in addition to the basal diet excreted from 50 to 2000 per cent more 
“free” glutamic acid than did litter mates consuming the control diets. 
In each trial the presence of added FA in the diet maintained the excretion 
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rate at about normal levels. It will also be noted in Table II that one 
rat (Litter C) fed the basal diet excreted large amounts of glutamic acid. 
It is of some interest that this animal was also granulocytopenic at that 
time. 

When the rats on the basal diet plus SS became granulocytopenic (200 
granulocytes per c.mm. or less), they were treated with 20 y of FA per gm. 
of diet. In all cases the excretion of glutamic acid fell markedly to 
amounts roughly equal to that of the controls (Table III). Approximately 


TABLE III 
Reversal of SS Effects with FA 
Glutamic acid excreted daily 
Rat No. Collection period before treatment | Treatment | Collection period after treatment 
1 2 3 initiated 1 2 3 
Y Y Y Y 
1 49-56* | 56-63*| 63-70* 70* 74-78* | 79-83* | 83-88* 
10,600 7,400 | 11,600 1,950 1380 2200 
(16,640) (16 ,000) (5,580) | (1760) 
2 26-30* | 33-37*| 47-48* 48* 48-51* | 54-56* | 56-59* 
10,400 | 16,100 7,800 2,830 1180 920 
3 40-43* | 44-47* 47* 48-53* | 54-57* 
10,000 | 11,200 450 
(18 ,000) (3,720) | (2400) 
4 50-53* | 53* 54-56* 
6,000 3,200 
(12 ,400) (8 ,000) 
5 40-43* 43* 44—47* 
15,200 4,400 
(25,200) (11,200) 
6 40—43* 43* 44-45* 
15,600 5,200 


The values in parentheses indicate the totals after hydrolysis. 
* Number of days from the start of the experiment. 


one-third of the samples was hydrolyzed and assayed for total glutamic 
acid. The total glutamic acid excretion gave the same general results as 
were observed for the “free.” For the group, the average daily excretion 
of ‘‘free” glutamic acid was 11,080 y before treatment and 2370 y after 
treatment. The average daily excretion of total glutamic acid was 17,650 
vy before treatment and 5440 y after treatment. 

In all cases, the decrease in glutamic acid excretion following treatment 
with FA was accompanied by a return of the leucocyte and granulocyte 
counts to a normal level. This is in agreement with the results of Daft 
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and Sebrell (1) who found that treatment with crystalline folic acid of 
rats with succinylsulfathiazole-induced leucopenia and granulocytopenia 
resulted in a return of the leucocyte and granulocyte counts to normal in 
4 days. 


DISCUSSION 


Sauberlich et al. (8) have shown that the omission of a single essential 
amino acid from diets otherwise satisfactory for rats results in abnormally 
high urinary excretion of dietary amino acids. The output of all the 
dietary amino acids investigated increased about 10-fold. The effects of 
SS differ in that the excretion of glutamic acid only is markedly altered. 
This suggests that the defect is not one resulting primarily from inhibition 
of protein synthesis. 

In part, the results may be due to the inhibition of FA synthesis. Evi- 
dence has been presented by Daft (10) which was interpreted as indicating 
that rat tissues normally synthesize the FA required by the animal. Gale 
(11) has noted an accumulation of glutamic acid within cells of Staphy- 
lococcus aureus when growth is inhibited by sulfadiazine. He interpreted 
this as indicating inhibition of glutamate assimilation. 

Papers which have appeared (9, 12) since the preparation of this manu- 
script indicate that, in the rat, FA plays a réle in the metabolism of for- 
mate, glycine, and serine. Since the defect in glutamate excretion can be 
prevented or rectified by FA, it appears that the latter is involved also in 
the metabolism of this amino acid in the rat. Plaut et al. (12) have 
already suggested a relationship, by pointing out that in FA deficiency 
less formate carbon is incorporated in the glutamic acid of rat tissue. 


SUMMARY 


1. Albino rats receiving succinylsulfathiazole in a purified diet excreted, 
in the urine, approximately 5 to 10 times as much glutamic acid as their 
pair-fed litter mate controls receiving either no SS or SS plus folic acid. 

2. Addition of folic acid, either preventively or as treatment, reversed 
the effect of SS on glutamic acid excretion. 

The authors are indebted to Mrs. Marjorie Romine for her technical 
assistance. 
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DIAMINE OXIDASB* 


By HERBERT TABOR 
(From the Experimental Biology and Medicine Institute, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland) 
(Received for publication, August 28, 1950) 


The numerous papers published on diamine oxidase (histaminase) since 
the work of Best and McHenry (1) have not settled the nature of the ox- 
idation of histamine, putrescine, and cadaverine. Zeller (1) indicated that 
the most likely mechanism for the initial reaction was 


RCH,NH; + + 0, oxidase + H:0, + NH, (1) 


While some workers supported this formulation, others presented con- 
flicting data. There has been general agreement (1—5) that, with prepara- 
tions of diamine oxidase from animal tissues, 0.5 mole (rather than 1 mole) 
of oxygen was consumed per mole of substrate oxidized; with preparations 
from plant tissues, on the other hand, Werle and von Pechmann (6) reported 
1 or more moles of oxygen consumed per mole of substrate. These varia- 
tions have usually been attributed to the catalase or peroxidase contami- 
nations of the enzyme preparations used. Swedin (7), however, using a 
preparation from hog kidney described as free of catalase activity, found 
that only 0.5 mole of oxygen was consumed per mole of substrate and that 
this value was unchanged by the addition of catalase. 

The demonstration of hydrogen peroxide production has also been com- 
plicated by the presence of catalase or peroxidase and has depended on 
coupled enzymatic or chemical reactions (1, 4-6). These reactions have 
not always yielded the theoretically expected values (1,6) and the conclu- 
sions have not been universally accepted (2). : 

Evidence for the aldehyde nathre of the product of the primary diamine | 
oxidase reaction has not been extensive, and has been mainly based on 
bisulfite- and cyanide-binding experiments.. There has been particular dis- 
agreement on the nature of the product when histamine was the substrate, 
since some reports (1, 4) indicated that the imidazole ring remained intact 
during the histamine-diamine oxidase reaction, while others (5, 7) indicated 
that the imidazole ring was split. 

Since most of these disagreements were probably due to impurities in 
the enzyme preparations used, it appeared to be desirable to purify the 

* Preliminary reports of this work have been published (Federation Proc., 8, 335 
(1949); 9, 319 (1950)). 
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enzyme more extensively, With a highly purified preparation (catalase. 
free) from hog kidney, supporting data have been obtained for formulation 
(1). Studies on the further oxidation of the aldehyde have linked the 
histamine-diamine oxidase system with the action of aldehyde oxidase and 
xanthine oxidase. 


Methods 


Materials—Histamine dihydrochloride was obtained from the Eastman 
Kodak Company or the Nutritional Biochemicals Corporation, 1 , 4-di- 
aminobutane dihydrochloride (putrescine) from the Eastman Kodak Com- 
pany, and ,5-diaminopentane dihydrochloride (cadaverine) from Hoffmann- 
La Roche, Inc. Ditphosphopyridine nucleotide (DPN)! of purity 0.65 was 
prepared by the method of Williamson and Green (8) with minor modifi- 
cations; cytochome c? was prepared according to Keilin and Hartree (9). 

Crystalline liver catalase was obtained from the Worthington Biochemi- 
cal Laboratory. Partially purified milk xanthine oxidase (Qcytochrome 0.8) 
was prepared according to Horecker and Heppel (10). Aldehyde oxidase 
was prepared from beef liver acetone powder according to Racker (11). 
Crystalline bovine serum albumin was obtained from Armour and Com- 
pany. 

Aluminum hydroxide gel Cy was prepared according to Willstatter and 
Kraut (12) and aged for over 6 months before use. It contained 11.1 mg., 
dry weight, percc. 0-Aminobenzaldehyde® was prepared according to Bam- 
berger and Demuth (13). 

Sérensen phosphate buffers were used unless otherwise indicated. 


Enzyme Assay 

Method 1; Oxygen Consumption (Macromethod)—The incubation mix- 
tures contained the diamine oxidase preparation, 140 um of phosphate 
buffer, pH 7.2, and 0.25 unit of catalase in a total volume of 2.7 cc. 4 um 
(0.2 cc.) of diamine (histamine, putrescine, or cadaverine) were added 
from the side arm. Oxygen consumption was measured at 37.5° and was 
corrected for any blank oxygen consumption (usually negligible). KOH 
was added to the center well in assays of the crude preparations. A unit 
of activity was defined as the amount of enzyme giving an oxygen con- 
sumption of 1 c.mm. per hour (calculated from initial rates). Specific 
activity represented units per mg. of protein. 

Method 2; Colorimetric Micromethod—The incubation mixtures contained 
the diamine oxidase preparation, 140 um of phosphate buffer, pH 7.2, 0.1 


1 Kindly supplied by Dr. Arthur Kornberg. 
? Kindly supplied by Dr. B. L. Horecker. 
3 Prepared with the cooperation of Dr. Hugo Bauer. 
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uM of histamine, and 2.5 mg, of albumin per 3 ce., total volume, ‘The in- 
cubation was carried out in open tubes at 37.5", and assays were made at 
intervals (usually 5 and 10 minutes) for histamine disappearance by a 
colorimetric method (14). The number of units of enzyme present was 
defined as 


100 initial histamine concentration 
t histamine concentration at time { 


where ¢ was the time in minutes. 


Analytical Methods 


Protein concentration was determined as described by Sutherland et al. 
(15) or by total nitrogen (Kjeldahl) determinations. Ammonia was deter- 
mined by nesslerization by the Conway diffusion procedure (16). Bisulfite 
binding was determined by the method of Clift and Cook (17). Reduced 
DPN was measured at 340 muy, with the absorption coefficient of 6.22 x 
10° sq.em. mole! (Horecker and Kornberg (18)). Cytochrome c reduc- 
tion was measured at 550 mu, as described by Horecker and Heppel (10). 

All spectrophotometric experiments were conducted at room temperature 
(22-26°) with the Beckman model DU spectrophotometer. All oxygen 
consumption measurements were conducted in air at 37.5° in conventional 
Warburg or Barcroft manometers. 


Results 
Purification of Diamine Oxidase from Kidney (Table I) 


Step A; Acetone Powder Extract—Fresh hog kidneys were packed in ice 
at the slaughter-house. 2 to 4 hours later, 100 gm. portions were homo- 
genized with 500 cc. of acetone (previously chilled to —10°) in a Waring 
blendor for 1 minute, and quickly filtered with suction. The filter cake 
was homogenized in another 500 cc. of cold acetone, filtered, quickly air- 
dried at room temperature, and sifted through wire mesh. This powder 
could be stored at 2° for at least 6 months without loss of activity. 

150 gm. of this acetone powder were extracted for 20 minutes at room 
temperature with 3000 cc. of 0.2 m phosphate buffer, pH 7.2, with occasional 
stirring, centrifuged, and the residue discarded. 

Step B; Sodium Sulfate Fractionation—14.5 gm. of anhydrous sodium sul- 
fate were added per 100 cc. of the acetone powder extract, and the solu- 
tion was filtered. The filtrate was treated with 7 gm. of sodium sulfate 
per 100 cc., and the solution was again filtered. The precipitate, dissolved 
in 275 cc. of 0.1 m phosphate buffer, pH 6.8, was dialyzed for 1 hour against 
running tap water. 

Step C; Heating—The dialyzed solution, in 100 cc. test-tubes, was placed 
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centrifuged, 
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and 30 ce, portions of 0.2 phosphate buffer, pH 7.2. 
carried out by treating the Gy gel with Lom KyHPOg (portions of 200, 
100, and 100 ce.), collecting each eluate by centrifugation, 
supernatants were added to 40 ce. of 0.5 Mm KEH,POy and dialyzed over- 
night against 4 liters of cold distilled water. 
were carried out in the cold room at 2°. 


in a 60° water bath (mechanically stirred) for 20 minutes, centrifuged, and 
the precipitate washed with 100 cc. of water. 

Step D; Gel Adsorption and Elution——Vhe combined supernatants were 
treated with 109 ce, of aluminum hydroxide gel Cy for 10 minutes and 
The supernatant was discarded and the gel washed with 60 


Mhation was 


The combined 


All subsequent operations 


TABLE [ 
Purification of Diamine Oxidase from Kidney 
Total units Specific activity, units per mg. 
protein (macro- Histamine |Histamine Pu- Ca- 
mg. 
A_ | Acetone powder ex- /27,900{ | 21,300 0.76 1.02 1.21 
tract 
B | Na.SQO, fractionation | 5,050 17,800 3.5 3.3 3.9 3.9 
C | Heating 2,430f | 14,300 5.9 8.2 8.5 
D | Gel adsorption and 76 6,160 81 137 170 
elution 
E | Ist pH precipitation 25 3,360§ | 134§ 
6.8f; 1,230 | 183 147 670 670 


* Assay by Method 1, oxygen consumption. 

t Assay by Method 2, colorimetric micromethod. 

t Calculated from total nitrogen values (Kjeldahl). 

§ With another preparation, the total activity at this stage was 3350 units, and 
the specific activity 250. 


The enzyme was precipitated by adding 40 gm. of ammonium sulfate 
per 100 cc. of the dialyzed solution, and centrifuged in a Servall angle 
centrifuge at 12,000 r.p.m. for 10 minutes. The precipitate was extracted 
with 20 cc. of 0.2 m phosphate buffer (pH 7.2), and dialyzed 4 hours against 
cold running 0.04 m sodium acetate. 

Step E; First pH Precipitation—6 cc. of 0.2 m sodium acetate buffer 
(pH 5.0) were added to the solution; after 30 minutes the precipitate was 
collected by centrifugation and dissolved in 6.5 cc. of 0.1 mM phosphate 
buffer (pH 7.2). 

Step F; Second pH Precipitation—This solution was treated with 3 cc. 
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of 0.2 Mm sodium acetate buffer, pH 5.0; after 40 minutes, the precipitate 
was collected by centrifugation, and dissolved in 6.5 ce. of 0.1 M phosphate 
buffer (pH 7.2). (A similar purification was obtained if the dissolved 
precipitate from Step remained at O° for | to 2 days, and the precipitate 
which formed was collected by comtrifugation,) 

The over-all yield was 6 to 16 per cent, and the purification (relative to 
the acetone powder extract) was 240 to 300-fold (based on histamine units). 
The enzyme precipitate at Steps and I was white or gray; the enzyme 
solutions were usually colorless, although occasionally they still contained 
a faint yellowish tinge. The purified preparations were free of catalase 
activity, and showed no oxygen uptake in the absence of substrate. When 
stored at — 10°, there was no loss of enzymatic activity for at least several 
weeks. 

The ratio, putrescine rate to histamine rate, at the substrate concentra- 
tions used, increased from 1.1 for the crude enzyme preparations to 3.7 
for the purified ones. We have been able to produce a similar increase in 
this ratio by prolonged dialysis of the crude preparations, thus confirming 
the findings of Kapeller-Adler (5). It is possible, however, that these 
changes are associated with the removal of a competitive inhibitor during 
the purification or dialysis, since histamine has a greater affinity than 
putrescine for diamine oxidase (1, 5). These data, therefore, do not nec- 
essarily contradict the view-point that one enzyme is involved in diamine 
oxidation (1). 


Oxygen Consumption and Effect of Catalase 


According to Equation 1, one would expect 1 mole of oxygen to be con- 
sumed and 1 mole of hydrogen peroxide to be produced from 1 mole of 
substrate in the absence of added catalase. In the presence of added 
catalase, each mole of hydrogen peroxide would be decomposed into 1 
mole of water and 0.5 mole of oxygen, giving an over-all oxygen consump- 
tion of only 0.5 mole of oxygen per mole of substrate. Experimental 
support for these formulations is shown in Fig. 1. 

With added catalase, 0.5 mole of oxygen was consumed per mole of 
substrate added. Diamine oxidase activity was present at the end of the 
reaction, as indicated by the increased rate of oxygen consumption upon 
addition of new substrate. 

In the absence of added catalase, the initial rate was approximately 
twice as great as the rate with added catalase; the total oxygen consump- 
tion approached 1 mole of oxygen per mole of substrate. In the experi- 
ments without catalase, however, the diamine oxidase was inactivated 
during the reaction, as shown by the lack of additional oxygen consumption 
when additional substrate was added at the end of the reaction. (The 
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Fig. 1. Effect of catalase on oxygen consumption in the diamine-diamine oxidase 
reactions (see foot-note 4). A, the incubation mixture contained 62 units of diamine 
oxidase (Preparation E), 150 um of phosphate buffer, pH 7.2, and 4 um of histamine 
in a total volume of 2.7 cc.; in Experiment I, 2.5 units of catalase were also added. At 
79 minutes ( | ), additional histamine (4 um) was added from the side arm. B, the 
incubation mixture contained 94 units of diamine oxidase (Preparation E), 150 um 
of phosphate buffer, pH 7.2, and 4 um of cadaverine in a total volume of 2.7 cc.; in 
Experiments I and I’, 0.5 unit of catalase was also added. At 36.5 minutes (|), 
additional 4 um of cadaverine were added from the side arms in Experiments I and 
II. C, the incubation mixture contained 21 units of diamine oxidase (Preparation 
E), 400 um of phosphate buffer, pH 7.2, and 4 um of putrescine in a total volume of 
2.8 cc.; in Experiment I, 2.5 units of catalase were also added. D, the incubation 
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total oxygen consumption in the absence of catalase, therefore, depended 
on the amount of enzyme added.) 

When catalase was omitted, the subsequent addition of catalase released 
a quantity of oxygen equivalent to half of the total consumed up to that 
point (Nig. 1, D and 

With a leas purified enzyme preparation (Preparation C*), 0.5 mole of 
oxygen was consumed per mole of histamine, even in the absence of added 
catalase, In the presence of mM sodium azide, which ia known to in- 
hibit catalase (19), the total oxygen consumption exceeded 0.5 mole, ap- 
proaching | mole per mole of substrate, 

Ammonia Production—1 mole of ammonia was produced per mole of 
diamine added during the diamine oxidase reaction. When 4.0 um of 
histamine were incubated with 84 units of diamine oxidase (Preparation 
E), 100 um of phosphate buffer, pH 7.2, and 0.7 unit of catalase in a total 
volume of 2.9 cc., 1.8 um of oxygen were consumed and 4.1 um of ammonia 
were formed. In three similar experiments 4.0, 3.9, and 4.3 um of ammonia 
were produced during the oxidation of 4.0 um of putrescine. 

Aldehyde Formation—The reaction products of the diamine-diamine ox- 
idase reaction showed bisulfite binding. The results, however, could not 
be clearly interpreted quantitatively, since the reaction products (par- 
ticularly that of cadaverine) reacted with iodine, even in the absence of 
bisulfite. 

When a saturated solution of 2 ,4-dinitrophenylhydrazine in 2 N HCl 
was added to the diamine oxidase reaction product of histamine or putres- 
cine, subsequent addition of 5 n NaOH produced a strong rose color, in- 
dicating the probable presence of a phenylhydrazone. This color did not 
occur in control tubes without substrate or without enzyme. This strong 
rose color could not be obtained in comparable experiments with cadaverine. 

The most convincing demonstration of the production of an aldehyde 
was obtained by the use of enzymatic reagents. At the same time, these 
experiments may provide some insight into the possible further metabo- 
lism of these compounds. 

Oxidation of Reaction Product by Aldehyde Oxidase—Aldehyde oxidase, 


mixture contained 24 units of diamine oxidase (Preparation F), 200 um of phosphate 
buffer, pH 7.2, and 4 um of histamine in a total volume of 2.7 cc. At 117 minutes 
(|), 0.5 unit of catalase was added from the side arm. £E, the incubation mixture 
contained 94 units of diamine oxidase (Preparation EF), 150 um of phosphate buffer, 
pH 7.2, and 4 um of cadaverine in a total volume of 2.7 cc. At 36.5 minutes (|), 
0.5 unit of catalase was added from the side arm. Theoretical oxygen consumption 
for 0.5 mole of oxygen per mole of substrate is 44.8 c.mm. (for 4 um). The control 
curves without substrate or without enzyme showed no oxygen consumption. 
‘The ‘‘preparation”’ letters refer to the purification steps of Table I. 
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which catalyzes the oxidation of various aldehydes by DPN to the cor- 
responding acids (11), caused the further oxidation of the histamine-dia- 
mine oxidase reaction product. As shown in Fig. 2, the addition of hista- 
mine to an incubation mixture containing diamine oxidase, aldehyde 
oxidase, and DPN resulted in the formation of DPNH, in stoichiometric 
equivalence to the histamine added, indicating the oxidation of imidazole 
acetaldehyde to imidazole acetic acid. 

In another experiment, the histamine-diamine oxidase reaction was com- 
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Fic. 2. Reduction of DPN in coupled histamine-diamine oxidase-aldehyde oxi- 
dase system. The incubation Mixture A contained 21 units of diamine oxidase 
(Preparation E), 100 um of phosphate buffer, pH 7.2, 1 um of DPN, and 200 units of 
aldehyde oxidase in a total volume of 2.9 cc. At zero time, 0.4 um (0.1 cc.) of hista- 
mine was added. The incubation Mixtures B and C were the same as Mixture A, 
except for the omission of histamine and aldehyde oxidase respectively. 


pleted; then, to an aliquot containing 0.27 um of reaction product were 
added 200 units of aldehyde oxidase, 1 um of DPN, and 100 um of sodium 
pyrophosphate buffer, pH 9.3, in a total volume of 3 cc.; 0.245 um of 
DPNH: was formed. This reaction was inhibited by the addition of 2 
um of benzaldehyde, which, as reported by Racker, also inhibits acetalde- 
hyde oxidation (11). 

In similar experiments, in which 0.4 um of putrescine was added to incu- 
bation mixtures containing diamine oxidase, aldehyde oxidase, and DPN, 
only very slow reduction of the DPN occurred (0.001 um per minute). 
When cadaverine was used as the substrate, no reaction was evident. 
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Subsequent addition of histamine resulted in rapid DPNH, formation, 
indicating that the enzymes were still active. A possible explanation of 
these differences between the reaction product of histamine and those of 
putrescine and cadaverine is discussed below. 

Oxidation of Reaction Product with Xanthine Oxidase—Milk xanthine 
oxidase, which is known to catalyze the oxidation of aldehydes (20), caused 
the further oxidation of the histamine-diamine oxidase reaction product 
(Fig. 3). Histamine was first subjected to the action of diamine oxidase 
(plus catalase) with the consumption of 0.5 mole of oxygen per mole of 
substrate, Upon the addition of xanthine oxidase, further oxygen uptake 


70 |. XANTHINE 
OXIDASE XANTHINE OXIDASE 
60 } 


50; A. 
40k NO XANTHINE OXIDASE . 


OXYGEN CONSUMPTION (WM?) 


Oo 20 40 60 80 100 120 140 
TIME (MINUTES) 

Fig. 3. Oxidation with xanthine oxidase of the histamine-diamine oxidase re- | 
action product. The incubation mixture contained 180 units of diamine oxidase 
(Preparation D), 5 mg. of albumin, 150 um of phosphate buffer, pH 7.2, 4 um of his- 
tamine, and 1 unit of catalase inatotal volume of 2.6cc. At 23 minutes ( | ) xanthine 
oxidase (1 unit) was added to Experiment B. Control flasks without histamine or 
without diamine oxidase showed no oxygen consumption. 


occurred, approaching an additional 0.5 mole of oxygen per mole of sub- 
strate. In comparable experiments in which putrescine was the substrate, 
addition of xanthine oxidase resulted in no additional oxygen consumption. 

Xanthine oxidase, added to the histamine-diamine oxidase reaction 
product, also catalyzed the reduction of cytochrome c in a manner anal- 
ogous to the reduction of cytochrome c by the xanthine-xanthine oxidase 
system reported by Horecker and Heppel (10). 

Persistence of Imidazole Ring—4 um of histamine were incubated with 
85 units of diamine oxidase (Preparation D), 140 um of phosphate buffer, 
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pH 7.2, 0.8 unit of catalase, and 1 unit of xanthine oxidase in a total vol- 
ume of 2.9cc. 4.2 um of oxygen were consumed. Aliquots of the incuba- 
tion mixture were coupled with diazotized p-nitroaniline, as previously 
described (14). An intense rose color appeared, indicating persistence of 
the imidazole ring.’ This color was extracted from the aqueous phase by 
n-butanol, but not by methyl] isobutyl ketone, confirming the absence of 
histamine. | 


DISCUSSION 


These experiments identify the primary products of histamine oxidation 
as imidazole acetaldehyde, hydrogen peroxide, and ammonia, as in Kqua- 
tion 1. The imidazole acetaldehyde may be further oxidized: 


N NH + DPN + HO aldehyde oxidase 
N NH + DPNH, 
| | 
HC=== C— CH,COOH 
or 
H 
C 
+ + xanthine oxidase 


HC===C—CH,CHO 
H 


C 
+ H,0; 
HC=—=C—CH;COOH 


These pathways do not exclude other routes of metabolism of histamine 
by systems not investigated in this work, which may involve splitting of 


5 The persistence of the imidazole ring and the formation of imidazoleacetic acid 
were further demonstrated by chromatographic studies. The reaction product was 
adsorbed on a Dowex-l-acetate column and eluted with 0.2 m sodium acetate. The 
chromatographic pattern obtained was the same as that found for an equivalent 
amount of synthetic imidazoleacetic acid (prepared with the cooperation of Dr. 
Hugo Bauer). 
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the imidazole ring. A pathway which involves the acetylation of hista- 
mine has been previously reported (14, 21, 22). 

The diamines, putrescine and cadaverine, are probably also converted 
to the corresponding amine aldehydes. The lack of a clear demonstration 
of the further enzymatic oxidation of these aliphatic amine aldehydes may 
be due to substrate specificity of the enzymes involved or it may more 
likely be due to the rapid cyclization of these amine aldehydes to A!-pyr- 
roline and A!-piperideine, as demonstrated by Schépf et al. (23). Certain 
preliminary observations support the latter view. <A strong piperidine-like 
odor, which is extractable by diethyl ether, develops during the action of 
diamine oxidase on putrescine or cadaverine; it is apparent, even though 
the pH of the incubation mixture is 7.2. As noted above, the products 
obtained from the diamine oxidase-catalyzed oxidation of putrescine or 
cadaverine combine with iodine (possibly indicating the presence of a re- 
active double bond), Furthermore, a yellow color in produced when the 
pulrescine reaction product im condensed with oaminobengaldehyde (a re- 
action deseribed by Schépf for Al-pyrroline), None of these observationn 
could be made in control experiments without diamine oxidase or without, 
diamines, 

Such a cyclization would agree with the suggestion of von Euler (24) 
that cadaverine might be an intermediate in the formation of piperidine. 
A similar cyclization has been postulated in the ornithine-proline-glutamic 
acid relationships (25). 


SUMMARY 


1. Diamine oxidase has been purified 250-fold from an extract of hog 
kidney acetone powder. 

2. With histamine, putrescine, and cadaverine as substrates, data have 
been presented indicating that the most likely mechanism for the primary 
diamine oxidase reaction is 


RCH.NH2 + O: + H.O —— RCHO + NH; + H:0, 


3. The reaction product of the histamine-diamine oxidase reaction (pre- 
sumably imidazole acetaldehyde) may be further oxidized by oxygen with 
milk xanthine oxidase or by DPN with liver aldehyde oxidase. The pos- 
sible cyclization of the aliphatic amine aldehydes to A!-pyrroline or A!- 
piperideine is discussed. 
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THE SKELETAL DEPOSITION OF NON-RADIOACTIVE 
STRONTIUM* 
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FLORITA EZMIRLIAN, CLARE McARTHUR, ann PATRICIA SPAIN 


(From the School of Medicine, University of California at Los Angeles, Los Angeles, 
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As part of a program investigating the deposition of metals in bone, a 
study of the accumulation of strontium was undertaken. Inasmuch as 
radioactive isotopes of strontium are among the products of nuclear fission, 
the metabolic behavior of these isotopes has received close attention (1-9). 
Only meager information was available, however, concerning the effects of 
non-radioactive strontium, particularly when absorbed by the body in 
small amounts over a long period of time (10-14). Moreover, the chemical 
similarity of Sr to Ca gave promise that information concerning the funda- 
mental mechanisms of bone dynamics might be derived from such a study. 
‘Tracer techniques were not used in order to avoid possible radiation effects 
on the osteoblast and osteoclast cells, 


Materials and Methods 
Admintatration of Sr via Drinking Water 


lorty albino mice, 22 to SO daya old, were offered a die& of Rockland 
rat pellets,’ ad libitum, supplemented with lettuce and sardine oil, ‘The 
drinking water, however, was a 0.05 M solution of strontium lactate (Merck, 
c.p.). The control animals were maintained on the same solid diet, but 
were provided with ordinary tap water. Sacrifices were made at various 
intervals, and the femurs and vertebral columns were removed and analyzed 
for Ca and Sr. The duration of the feeding experiment was 402 days. 
The consumption of Sr solution was recorded, and the animals were weighed 
every 2 days. 


Administration of Sr via Intraperitoneal Injection 


Twenty-six albino rats, 22 to 24 days old, were given dosages of SrCl. 
(Merck, analytical grade) which varied from 2 to 1065 mg. of Sr*+*. The 


* This paper is based on work performed under contract No. AT-04-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 

1The Ca content of these pellets was 1.3 per cent of the air-dried weight. The 
Sr content was 0.003 per cent. 
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maximum for any single injection was 500 mg. per kilo of body weight. 
When more than one injection was given, the time interval was 48 hours. 
The SrCl, solution contained 20 mg. of Sr*+* per ml. The femurs and 
vertebral columns of animals that died or were sacrificed were removed 
and analyzed for Ca and Sr. 

To study the effect of age on uptake, eleven albino rats, 10 months old, 
were given 250 mg. of Sr++ per kilo of body weight every 48 hours, in a 
solution of SrCl, containing 80 mg. of Sr** per ml. 

The diet for both groups was Rockland rat pellets supplemented with 
lettuce and sardine oil. Tap water was provided for drinking. 


Spectrographic Determination of Ca and Sr 


All the bone samples were scraped free of fascia and muscle and ashed 
in a muffle furnace for 12 hours at 600°. The white residue was then 
ground to pass a 300 mesh sieve. A portion was mixed with spectroscopic 
graphite powder (National Carbon Company) and CuSQ,-5H.2O (Merck, 
analytical grade), the internal standard material, in the ratio of 1 part of 
bone ash, 2 parts of graphite, and 9 parts of CuSOQ,:5H.O. The mixture 
was burned in a direct current arc at 7 amperes. The copper line at 
4651.13 A was the internal standard; the calcium analysis line was at 
4581.40 A. For Sr in the range 0.01 to 1.0 per cent the line at 4607.33 A 
was used; for the range 1.0 to 10 per cent the line at 4811.88 A was meas- 
ured. Other details of the method may be found in Hodges et al. (15), 

All the samples were run in triplicate and the average is reported. ‘The 
standard deviation for such triplicate determinations was a-7 per cent of 
the observed value for Sr and «6 per cent for Ca, Deviations of this 
magnitude may be accepted when emission spectrographie methods are 
used for elements which are present in amounts exceeding 3 or 4 per cent 
of the mixture, 


RESULTS AND DISCUSSION 


Acute Strontium Poisoning—In order to choose non-lethal dosages for 
long term studies, information concerning the acute toxicity was required. 
The 48 hour LD5o, computed by the method of Litchfield and Wilcoxon 
(16) for albino mice weighing 20 gm., was 795 mg. of Sr++ per kilo of body 
weight, with 19:20 confidence limits of 827 and 764 mg. per kilo. The 
material was administered intraperitoneally as a solution of SrCl, contain- 
ing 20 mg. of Sr++ per ml. Toxic symptoms were loss of coordination and 
extreme muscular excitability, which ended in convulsions and death. 
Postmortem examination revealed no gross abnormalities of the internal 
organs. It was apparent that Sr is readily tolerated in rather large 
amounts. 
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Chronic Strontium Poisoning—An immediate stunting of growth of mice 
drinking Sr was evident. However, most of the animals eventually at- 
tained weights approaching those of the corresponding controls. This 
decreased rate of growth was not due to low food intake. 

The Ca contents of the femur ash of twenty normal control mice, ranging 
in age from 21 days to 1 year, were determined. All Ca contents lay be- 
tween 36 and 38 per cent. 

Fig. 1 shows the variation of Ca content of femur ash as a function of 
the number of days during which the growing mice ingested Sr lactate. 
The width of the zones on the chart indicates the maximum range of error 
due to the spectrographic method of analysis. The Ca contents of the 


35 
x 
30 
= 
« 
100 300 


AGE OF MICE (DAYS) 


hig. tnhibition of akeletal calcification in mice drinking Sr lactate 


femur ash of all normal mice fall within Zone A, whereas Zone Bo best 
embraces the data for Sr-epoimoned animals, Tt would appear that Sr 
actively inhibits calcification of growing bone, With the passing of time, 
however, the Ca content almost attains the normal value. These results 
are in accord with the inhibition of calcification of sections of growing bone 
by Sr in vitro as reported by Sobel (17). The same impairment, of calcifi- 
cation, in spite of adequate Ca and P intake, was evident in the case of 
growing rats receiving injections of SrClp. 

One might reason that the drop in Ca per cent in the bone ash was not 
due to a decrease in the amount of Ca deposition, but rather to the addition 
of Sr to the total weight of inorganic matter, with consequent reduction of 
Ca content when expressed as a percentage of the total ash. Therefore, 
calculations were made, assuming that the initial Ca content was 36 per 
cent and, further, that the rate of calcification was normal, but was ac- 
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companied by adsorption of the Sr on the bone surfaces or by exchange for 
Ca** already present. Both results showed that this explanation was in- 
adequate to account for the great drop in Ca content of growing bones in 
animals chronically poisoned with Sr. 

It was found that the bones could contain as much as 7 per cent of Sr 
(on the ash basis) without gross evidences of rickets appearing in the ani- 
mals. The stamina of the rats was remarkable; some sustained as many as 
thirty-five intraperitoneal injections of SrCl, and their bone ash contained 
as much as 5 per cent Sr. 
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bia. 2. Change in rate of deposition of ingested Sr with prolonged dosage 


The ratio of Ca to Sr in the bone ash of normal rats and mice was found 
to bean the neighborhood of 1800 to 1. These traces of Sr probably were 
obtained from the small amounts of Srom the diet. By plotting the 
logarithm of the number of days durmg which Sr lactate was ingested 
agaist the Catsr ratio of the femur ash, Fig. 2 was obtained. ‘This shows 
a very rapid increase in Sr relative to Ca during the Ist day, followed by 
a sharp change to a much slower rate of increase. 

The curve suggests the operation of at least. two distinet deposition 
mechanisms: the first rapid mode of deposition determines the over-all 
rate of Sr uptake until some sort of saturation occurs, whereupon the second 
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slower mechanism becomes manifest. It may be mentioned here that 
Copp has postulated labile and non-labile types of binding to account for 
some of his results in studying the uptake of Sr®® (18). 

The amount of Sr consumed by the mice during the Ist day was approxi- 
mately 20 mg. It would seem, therefore, that the amount of Sr which 
can be deposited by mice of this age via the rapid mechanism (ionic ex- 
change, surface adsorption, or protein binding) is under 20 mg. and prob- 


MATURE RATS 
4 °— GROWING RATS 

1 
WwW 
| 
> 4 
= 
10- 
= q @ 


200 600 1000 
% Ca/% Sa IN RAT FEMUR ASH 


Fie. 3. Change in rate of deposition of injected Sr with prolonged dosage 


ably less than 5 mg., assuming 25 per cent absorption from the intestinal 
tract. ‘The rate of deposition of Sr in excess of this amount is then deter- 
mined by the rate characteristic of the slower mechanism. This, we 
believe, involves the incorporation of Sr? ions, which have been plucked 
from the blood circulation by the initial rapid process, into the crystal 
structure of the bone salt. Evidence from x-ray diffraction studies sup- 
porting this possibility will be presented in a later report. 

lig. 3 exhibits a similar sharp break in the rate of decrease in the Ca:Sr 
ratio with increasing dosage of SrCl, injected into growing rats. The 
data for mature rats are also plotted in Fig. 3. Again two deposition 
processes seem to be in simultaneous operation. In the case of growing 
rats, the break occurs at a Ca to Sr ratio of about 50:1, whereas for mature 
rats the critical value is in the neighborhood of 150:1. It would appear, 
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therefore, that the effectiveness of the initial rapid deposition process is 
greater during active growth than at maturity. 

It is reasonable to assume that the capacity for abstracting Sr from the 
blood by this rapid process is a function of the degree of osteoblastic 
activity. New bone formation is greatly diminished at maturity. One 
may speculate that in this situation Sr is accumulated mainly by relatively 
slow incorporation into the crystal lattice of the bone salts. Actively 
growing bone, on the other hand, may be thought of as presenting much 
greater “fresh” surface area for adsorption of cations, or perhaps much 
greater amounts of preosseous protein matrix available for ionic binding. 
Furthermore, the calcifying tissue is highly vascularized and thus the flow 
of Sr-laden blood to the sites of ultimate deposition is enhanced. Our 
observations that the tolerance of young rats for a single massive injection 
of Sr** is about twice that for mature rats is in accord with these specula- 
tions. It may be mentioned here that Neuman and coworkers have 
amassed considerable evidence in vitro for a surface adsorption process in 
the skeletal accumulation of ions (19). 

The data for mice and for rats indicate that the amount of Sr in femural 
bone ash compared with that in vertebral bone ash did not vary signifi- 
cantly from a 1:1 ratio. It seems likely, therefore, that the over-all rate 
of accumulation is about the same for both sites. However, since none 
of these animals were sacrificed within 24 hours of the first administration 
of Sr, one cannot disregard the possibility of a more rapid initial uptake by 
the vertebrae, followed by redistribution at a slower rate. Pecher (1) has 
reported that the vertebrae of rats had a slightly higher specific activity 
than the femurs 24 hours after injection of Sr®*. The eventual equality of 
distribution also has been observed in a survey of the Sr content of 146 
bone specimens from thirty-eight humans of widely varying ages (15). 

Our analytical data indicated that the epiphyseal ends of the rat femurs 
contained amounts of Sr slightly, but significantly, greater than thets 
shafts in the early periods of Sr poisoning. 

Observations of the amounts ingested and the amounts accounted for 
in the skeleton indicated a high degree of absorption and retention of the 
Sr present in drinking water. Here again there was a rapid decrease in the 
efficiency of skeletal deposition with increasing dosage. 32 per cent of 
the Sr ingested during the Ist day was deposited in the skeleton. By the 
6th day this amount dropped to 14 per cent. 


SUMMAKY 


1. The chronic toxic effects of strontium lactate in the drinking water 
of growing mice are described, The data on the amounts of Ca and Sr in 
the femurs indicate that Sr actively inhibits caleification in vivo, even 
though the solid diet is adequate with respect to calcium, phosphorus, and 


MACDONALD, NUSBAUM, STEARNS, EZMIRLIAN 
MCARTHUR, AND SPAIN 143 


vitamins A and D. The same effect is shown by growing rats receiving 
intraperitoneal injections of SrCl, every 48 hours. However, as much as 
7 per cent of the inorganic content of the bones may be Sr, without gross 
evidence of rickets. 

2. The data on Ca:Sr ratios are interpreted as indicating the operation 
of two distinct modes of Sr deposition in the bone. The first very rapid 
phase is attributed to removal of Sr++ from the blood by surface adsorp- 
tion, ionic exchange with bone Cat, binding of Sr++ by preosteoid protein, 
or combinations of these. For young mice, less than 20 mg. of ingested 
Sr saturates this mechanism. For young rats receiving intraperitoneal 
injections of SrCl, the Ca:Sr ratio drops very sharply to 50:1. For 
mature rats this critical value is 150:1. Strontium in excess of the amounts 
necessary to produce these levels is accumulated at a much slower rate by 
a second mode of deposition which presumably involves incorporation of 
the Sr*+* into the crystal lattice of the bone salt. 

3. A spectrographic method for quantitative simultaneous determina- 
tion of calcium and strontium in bone ash is described. 
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ON THE NATURE OF RABBIT LIVER GLYCOGEN* 
I. BRANCHING CHARACTERISTICS 


Bry MAX SCHLAMOWITZt 


(From the Division of Biochemistry, University of California Medical School, 
Berkeley, California) 


(Received for publication, July 29, 1950) 


Both glycogen and amylopectin are branched chain polyglucosides. A 
differentiation has most often been made on the basis of differences in 
the degree of branching of the two polysaccharides. For large molecular 
weight, highly ramified structures like glycogen and amylopectin, the num- 
ber of branch points may be considered to be equal to the number of termi- 
nal, non-reducing glucose residues (end-groups). End-group analysis has 
thus provided a means for determining the average frequency or degree of 
branching for such polysaccharides. 

The end-group assay value (EAV), here defined as the average number 
of glucose units per end-group, approximates 11 to 12 for glycogen (2-5). 
The corresponding value for amylopectin ranges from 20 to 30 (2, 3, 5), 
depending on the source. From these figures it is seen that glycogen is 
more highly branched than amylopectin since, as defined, the EAV is 
inversely related to the degree of branching. Indeed, glycogen has been 
described in this sense (6) as resembling the limit dextrin obtained from 
amylopectin by the action of B-amylase. 

In this light the isolation of an ‘‘abnormal”’ glycogen from rabbit liver 
by Haworth et al. (3) is of considerable interest. The abnormal glycogen 
vielded an EAV of 18, a value close to the range commonly associated 
with the amylopectins. A study of the conditions which give rise to the 
“abnormal” glycogen led Bell and coworkers (7, 8) to conclude that rabbit 
liver glycogen may occur in either of two forms, the ‘‘normal’”’ 12 unit 
structure or the “abnormal” 18 unit structure. Of the several carbo- 
hydrates tested as glycogen precursors only sucrose and galactose were 
found to give rise to the ‘‘abnormal”’ glycogen. 

Glycogen synthesis is generally assumed to be the resultant of the action 
of at least two enzymes, phosphorylase and the “branching” enzyme. 
It is not unreasonable to believe that these enzymes differ in their Michaelis- 


* Presented in part at a meeting of the Federation of American Societies for 
Iixperimental Biology at Atlantic City, April, 1950 (1). 

t Present address, Chemistry Department, The Ohio State University, Columbus, 
Ohio. 
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Menten constants, enzyme-substrate complex decomposition constants, 
and in their absolute amounts. From this it would appear that a change 
in concentration of the specific substrate utilized by phosphorylase and the 
branching enzyme would serve to favor the action of one or the other of 
these enzymes.! Experimentally, such a condition can be induced by 
administering different carbohydrates to serve as the precursors for this 
substrate. Unless in every case the utilization of the substrate is the 
rate-limiting step in glycogen synthesis from carbohydrate, the change in 
substrate concentration, which is a function of both the type and level of 
carbohydrate administered, would reflect itself in the production of glyco- 
gens with different branching characteristics. Furthermore, by a proper 
selection of such conditions, the production of not one or two discrete 
glycogens but a spectrum of glycogens would be expected, some perhaps 
with EAV values comparable to those of the amylopectins. This would 
be true whether glycogen synthesis is visualized as occurring through a 
coupling of straight chains onto a main structure to form the branches or 
whether branches arise from the main stem by budding (1,6 linkage) and 
subsequent addition (1,4 linkage) of glucose units one at a time. 

Experiments were therefore designed to verify the work of Bell and to 
test the above hypotheses. The extent to which each has been accom- 
plished may be seen from the results. 


EXPERIMENTAL 


Glucose, galactose, and fructose were administered to fasted rabbits 
by stomach tube and by continuous intravenous infusion. Analysis for 
end-groups was then carried out on the purified, liver glycogen isolated 
from these animals and from a group of normal controls. The character- 
istics of glycogen deposited in the livers of rabbits maintained on a diet of 
sucrose and carrots were also studied. 

The experimental procedures employed in connection with the treatment 
of the animals, the levels of carbohydrate administered, and the isolation 
and purification of the glycogens are essentially those used by Bell e¢ al. 
(7, 8). However, the results obtained are at gross variance with those of 
Bell e¢ al., and, since the explanation for these differences is not entirely 
clear and may perhaps reside in some deviation from Bell’s procedures and 
method for end-group analyses, a description of the methods used in the 
present study is presented. 

Experimental Animals—Studies were carried out with eight groups of 


1The same considerations would apply if glycogen synthesis is controlled by a 
single enzyme, holophosphorylase, since the formation of both 1,4 and 1,6 linkages 
is involved. An enzyme of this type has been reported (9), but the evidence to date 
for its existence is questionable. 
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rabbits, forty-six rabbits in all. All the animals were maintained in the 
colony on a stock diet for at least 1 week before use to establish their 
normalcy (maintenance or gain in weight, freedom from infection). So 
far as was possible, the animals were distributed equally, in terms of weight 
and sex, among the groups. The animals were fasted for 48 hours to 
deplete existing glycogen stores? before the test diets were administered. 
A series of unfasted control animals represented the normal group. 

Administration of Carbohydrates—Glucose, galactose, and fructose were 
tested for their influence on glycogen structure. The carbohydrates were 
administered as 25 per cent solutions (weight of anhydrous sugar per volume 
of solution) to the fasted animals either by stomach tube at a level of 
2.5 gm. per kilo or by continuous intravenous infusion of 4 hours duration 
at body temperature at a level of 4.6 gm. per kilo per hour. 

The control animals were mock stomach-fed with water to simulate any 
nervous response due to handling. However, experiments in which the 
mock feeding was omitted revealed no difference in the type of glycogen 
deposited in these controls. 

Under the infusion conditions employed, the animals exhibited no signs 
of nervousness or distress. It was thus possible to approximate the normal 
state of the animal and avoid the uncertain influence of anesthetics on 
carbohydrate metabolism. 

An experiment was also carried out in which feeding ad libitum for 1 
week on a diet of sucrose and carrots was permitted. A diet of this type 
was reported by Bell (10) to give rise to the 12 unit type of glycogen. 

Isolation of Glycogen—4 hours after stomach feeding or initiation of 
infusion the animals were anesthetized (nembutal), and the livers excised, 
rinsed, and blended with 2.5 volumes of cold 5 per cent trichloroacetic 
acid. The time from anesthetization to blending was 5 to 10 minutes. 
After blending for 3 to 5 minutes, the preparations were centrifuged for 30 
minutes, filtered, and the glycogen precipitated by the addition of 1.1 
volumes of 95 per cent ethanol.- The mixture was centrifuged for 30 
minutes and the glycogen washed twice with 95 per cent ethanol by cen- 
trifugation, collected on a Biichner funnel, and subsequently dried in air. 
All steps were carried out in the cold. 

Purification of Glycogen—Preliminary studies indicated that a combina- 
tion of the acetic acid purification procedure of Bell and Young (11) and 
alcohol precipitation was most satisfactory for the preparation of glycogen 
“free’’ from phosphorus. This method was subsequently used in all the 
experiments. 

The crude glycogen preparations from a group were pooled and dis- 
solved in water to give a 3 per cent solution. Precipitation of the glyco- 


? The fasting level was approximately 0.2 gm. of glycogen per 100 gm. of liver. 


8, 
ge 
he i 
of 
DY 
1s 
he 
of 
O- 
er 
ate 
ps 
ld 
a 
or 
nd | 
to 
m- | 
its 
for 
ed 
er- 
of 
ent 
ion 
al. 
of 
ely 
nd 
he 
of 
y & 
ges 
ate 


148 LIVER GLYCOGEN. I 


gen was effected by addition of glacial acetic acid to a final concentration 
of 80 per cent. The precipitate was separated by centrifugation. Three 
such precipitations from aqueous solution by acetic acid were carried out, 
followed by precipitation with 1.5 volumes of 95 per cent ethanol and two 
washings each with 95 per cent and absolute ethanol in the presence of 
about 0.5 mg. of ammonium acetate. The glycogen was then dried over 
CaCl, or H.SO; in a vacuum desiccator and finally in air. 

The recovery of glycogen purified by this process was 94 to 97 per cen 
by weight. 

Estimation of Purity of Glycogen—Triplicate samples of each glycogen 
were analyzed for reducing sugar after hydrolysis in 1 Nn HCl. Preliminary 
study showed that hydrolysis was complete in 2 hours and that destruction 
of glucose by this treatment did not occur. 

The “moisture” content of the glycogens, determined by noting the loss 
in weight after heating at 73° in vacuo for 18 hours, provided the basis 
for interpreting the reducing value data in terms of purity. The signifi- 
cance of this point will be treated in the discussion. 

Phosphorus analyses by the method of Sumner (12) were carried out in 
duplicate on wet-ashed samples of glycogen from glucose-fed and galactose- 
fed rabbits. The value of 0.006 per cent phosphorus obtained for each of 
these glycogens indicates the uniform relative freedom from phosphorus 
which is attainable by this purification procedure. 

Evidence for the absence of significant quantities of reducing substances 
of low molecular weight in the glycogen preparations will be presented in 
a later communication. 

End-Group Assay—The procedure of Potter and Hassid (13), with slight 
modification,? was used to determine the EAV of the purified glycogens. 
100 mg. samples (uncorrected for “moisture’’ content) were analyzed. 
All analyses were carried out in duplicate; the reproducibility in every 
case was within 1 per cent. 


RESULTS AND DISCUSSION 


The EAV values for the glycogens prepared in this study are summarized 
in Table I in descending order. EAV data found for samples of glycogen 
and amylopectin obtained from other laboratories are likewise presented. 
Values from the literature for the comparable glycogens and amylopectins 
are included for comparative purposes. 

It may be seen that arranging the EAV values in descending order of 


3 Treatment of the reaction mixture with ethylene glycol for 5 minutes instead of 
1 hour was found to be adequate for destruction of the excess periodate. Methyl 
red-methylene blue indicator was used and the titration with NaOH was carried to 
approximately plI1 6 to insure complete titration of formic acid. 
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magnitude shows the values for glycogen obtained after infusion of carbo- 
hydrate to be greater than those obtained after administration by stomach 
tube. These latter in turn display an EAV greater than that for the gly- 
cogen from animals fed rabbit pellets or sucrose and carrots. 


TaBLeE I 
Influence of Carbohydrate on Branching Properties of Rabbit Liver Glycogen 
Experiment Carbohydrate administered Route |,No. of | End-group jasseg value 

I Fructose I. 2 23-2 11-12 (8) 
II Galactose 3 22:2 
III Glucose " 2 22:2 12 (8) 
IV,a Fructose F. 3 21-9 11-12 (8) 
2 21-5 11-12 (8) 
V Glucose “ 10 20-5 12 (8) 
VI Galactose a 10 20:1 18 (7) 
VII, a | Normal D. 8 19-4 12 (3, 14) 

2 19-1 12 (3, 14) 

2 19-9 12 (3, 14) 

«od “ (KOH) 19-3 12 (8, 14) 
VIII Sucrose and carrot ve: 2 18-9 12 (10) 
IX,a Normal rabbit liver glycogen A 17-9 

b sé B 18-° 18* 
xX dog liver glycogen 12 (17) 
XI Oyster glycogen 11-° 11 (16) 
XII, a | Amylopectin A 22-9 23 (13) 

B 25-3 26 (13) 

C 27:2 27 (13) 


The carbohydrates were administered at a level of 4.6 gm. per kilo per hour for 
the infused (I.) animals and 2.5 gm. per kilo for the stomach-fed (F.) animals. The 
rabbits in Experiment VII were maintained on a diet (D.) of rabbit pellets ad libi- 
tum; those in Experiment VIII, on sucrose and carrots. The EAV values in Experi- 
ments IX, b, X, and XII were obtained on samples of the original preparations for 
which values from the literature are cited. The glycogen in Experiment VII, d was 
extracted from liver with KOH. All others were extracted with trichloroacetic acid. 

* Hassid, W. Z., personal communication. 


Further, it may be noted that the EAV values for ‘normal’ glycogen 
found in this study are considerably higher than those reported by Bell and 
others (2, 3, 10, 14). The previously reported normal EAV is about 11 to 
12, while that found in this study is about 19, a value generally considered 
to represent the ‘abnormal’ glycogen. Similarly, the high EAV for 
glvcogen from glucose-infused, glucose-fed, fructose-infused, fructose-fed 
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animals, and those fed the sucrose and carrot diet contrasts markedly 
with values previously reported. Thus, in none of the forty-six rabbits 
studied under different experimental conditions, including the normal, was 
the more highly branched, 11 to 12 unit glycogen obtained. 

A satisfactory explanation for the difference in EAV reported here and 
by Bell is not yet available, though study continues. However, the follow- 
ing arguments are put forth to suggest that the differences are not attribut- 
able to poor sampling of the rabbits, the procedure for glycogen isolation, 
the state of purity of the glycogen, or the method for EAV determination. 

So far as representative sampling of the animals is concerned, the good 
agreement in EAV obtained for three separate groups of normal animals 
(Experiment VII a, 6, c) and two of fructose-fed animals (Experiment 
IV a, b) tends to minimize sampling as a causitive factor. The experi- 
ments were done with different lots of animals of different ages at different 
times. This reproducibility of EAV, even when small numbers of animals 
were used, further supports the significance which is attached to EAV 
differences between different experimental groups. The similar high EAV 
obtained for ‘“normal”’ glycogen samples from other laboratories (Experi- 
ment IX a, b) further minimizes poor sampling as a responsible factor. 

As for the procedure used in glycogen isolation, a selective isolation by 
trichloroacetic acid of a high EAV fraction appears unlikely on the follow- 
ing grounds. Samples of purified glycogen from normal rabbits showed no 
changes in EAV even after prolonged heating with 30 per cent KOH, a 
procedure commonly used for glycogen extraction. Direct extraction of 
glycogen from the livers with KOH yielded preparations having an EAV in 
good agreement with those obtained on an aliquot of the same tissue with 
trichloroacetic acid extraction (Experiment VII c,d). Agreement of EAV 


on crude and purified glycogen differed by no more than 1 unit, indicating | 


that purification with 80 per cent acetic acid did not selectively extract or 
alter a glycogen fraction. Finally, rabbit liver glycogens prepared else- 
where by different processes (Experiment IX a, b) gave EAV values in the 
same range as those obtained in this laboratory. Thus, neither the ex- 
traction nor purification procedure employed appears to account for the 
differences found. 

The possibility that some gross impurity in the glycogen might explain 
the high EAV observed is ruled out on the basis of the agreement between 
data obtained on a dry weight basis and those from the reducing value after 
hydrolysis, presented in Table II. The “moisture” content of each glyco- 
gen, as seen from Column A, is about 11 per cent. Column B shows that 
the non-reducing substance in each glycogen also approximates 11 per 
cent. It thus appears that the non-reducing substance is practically all 
accounted for by the ‘‘moisture,’’ and hence the glycogens are all on the 
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order of 98.5 to 100 per cent pure. For an 11 unit glycogen sample to 
give an EAV of 19 or 23 would necessitate that about 42 and 52 per cent 
respectively of sample weight must be a non-reducing contaminant. The 
data in Table II show the glycogens to be 98.5 to 100 per cent pure. Again, 
the fact that the composition and purity of all the glycogens prepared are 


TABLE II 
Estimation of Purity of Glycogen 
Reduci 
| Glycogen preparation PPV | “powers | | Parity 
per cent Brae os per cent 
I Fructose-infused 89.0 89.5 89.3 99.6 
II Galactose-infused 89.0 90.4 89.7 100 
III Glucose-infused 89.3 90.0 89.6 99.9 
IV,a Fructose-fed 87.9 88.9 88.4 98.5 
V Glucose-fed 89.5 90.0 89.7 100 
VI Galactose-fed 89.4 89.3 89.3 99.6 
VII,a | Normal 88.6 90.0 89.3 99 .6 
VIII Sucrose and carrot 88.1 89.5 88.8 99.0 
XI Oyster 89.9 89.3 89.6 99.9 
The per cent dry weight of amylopectins A, B, C was found to be 89.8, 90.4, 90.5, 


respectively. 


>= 
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END-GROUP ASSAY VALUE 


GLUCOSE-FED GLYCOGEN 
GALACTOSE-FED GLYCOGEN 
0 4 6 20-2 2 336 
HOURS 

Fic. 1. Periodate reaction curve for glycogen 


to all intents and purposes the same makes the differences in EAV of. the 
different groups significant. 

Lastly, the apparent validity of the periodate oxidation procedure for 
EAV determination of glycogen is indicated by Fig. 1, which depicts a 
time versus EAV plot for samples of glycogen from glucose-fed and 
galactose-fed rabbits. The primary reaction is completed in 20 to 25 
hours, by which time the curve has leveled off. The nature of the curve is 
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comparable to that found for amylopectin (13). A 25 hour end-point was 
uniformly used in all studies. What may be a slight rise beyond the 25 
hour point is attributed to ‘‘overoxidation”’ (2, 15), but this would influence 
the EAV by less than 1 unit even if extrapolated to 36 hours. The fact 
that the curve does not fall off with time indicates that loss of formic acid 
by overoxidation to CO, is not appreciable. Such a loss of formic acid 
would give erroneous, high EAV values. 

The application of the method to samples of amylopectin (Experiment 
XII a, b, c, Table I) obtained from Potter and Hassid yielded EAV in 
good agreement with the values found by them (13). The ability of the 
method to reveal a highly branched glycogen was checked by analyzing 
purified oyster glycogen (Experiment XI). The EAV of 11 is in accord 
with the values reported for mussel glycogen (16). A final test of the 
periodate method was the EAV determination of a sample of dog liver 
glycogen prepared by Hassid and Chaikoff and analyzed by them for end- 
groups by the exhaustive methylation technique (17). The results ob- 
tained by the two methods were the same (Experiment X). 

If the foregoing evidence correctly supports the EAV data, then certain 
interesting conclusions emerge from the study.‘ 

End-group assay becomes a highly questionable criterion for differentiat- 
ing glycogen from amylopectin, inasmuch as glycogens with EAV values 
comparable to those of amylopectins have been prepared under a variety 
of conditions, including the so called normal condition. 

Consideration of the EAV data also shows that the degree of branching 
is a function both of the type of carbohydrate administered and the level 
at which it is administered. This is in accord with the hypothesis set 
forth earlier in this paper. Presumably the higher EAV found for the 
glycogen from infused compared with that from the corresponding stomach- 
fed rabbits for every carbohydrate tested reflects the higher blood level 
of the carbohydrate in the infused animals. Estimations of blood sugar 
in the case of fructose-infused and fructose-fed animals showed the relative 
levels to be about 4:1. Two inferences may be drawn from the EAV data: 


‘The present work (Experiment X) as well as other reports (4, 18) indicates that 
EAV values determined by periodate oxidation (methyl red indicator) and by the 
methylation procedure agree reasonably well. Reports that the use of indicators in 
the alkaline range yields more accurate results ((19); also personal communication 
from Dr. C. F. Cori) may be argued for and against. In any event, since methyl 
red was used for analyses of some of Bell’s glycogen samples as well as for the analyses 
of the glycogens prepared in this study, the marked differences noted above remain 
unchanged, though the values themselves may be only relative ones. Similarly, 
the finding by Cori (personal communication) that the EAV determined by an 
enzyme assay procedure is about 20 per cent lower than the values obtained by 
periodate oxidation affects only the absolute EAV; the basie discrepancies remain. 
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first, that the Michaelis-Menten constant for phosphorylase is greater than 
that for the branching factor; and second, that the rate constant for the 
decomposition of the enzyme-substrate complex is greater for phosphorylase 
than it is for the branching enzyme, or else that there is less of the branch- 
ing enzyme present. 


SUMMARY 


The influence of the type of carbohydrate administered and the mode 
of its administration on the branching characteristics of rabbit liver 
glycogen has been studied. Values found by end-group assay have been 
found to be consistently higher than those reported for comparable glyco- 
gen preparations. The implications of the high EAV values and the 
progressive, rather than discrete, nature of their change are discussed. 


The author wishes to thank Dr. W. Z. Hassid, Dr. A. L. Potter, and 
Dr. C. F. Cori for samples of glycogen and amylopectin prepared in their 
laboratories, and Mr. R. W. Handler for the analysis of blood sugar in 
these studies. 
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STUDIES ON THE PROTEINS OF THE PARTICULATE- 
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Luck (1) recently discussed the difficulties encountered in studying 
liver proteins. By utilizing recently developed procedures for separating 
the liver cell components, it was possible to separate the saline-soluble 
proteins of the cytoplasm. This investigation is concerned with the ef- 
fects of pH, ionic strength, and ethanol concentration on these cytoplasmic 
proteins. As a result of these experiments, a fractionation procedure for 
separating these liver proteins was developed. 


Methods 


Groups of 60 to 70 day-old rats of Wistar stock were sacrificed by ex- 
sanguination while under pentobarbital anesthesia. The livers were re- 
moved immediately and were kept cold until fractionation was begun 
within at least 30 minutes. In some cases the liver was perfused with iso- 
tonic saline or sucrose. 

The analytical procedures followed for lipide carbon, phospholipide, 
cholesterol, and nucleic acid in dried fractions have been described (2). 
Electrophoresis of proteins in a barbiturate buffer at pH 8.6 and an ionic 
strength of 0.1 was carried out in the Tiselius apparatus at 2° according to 
Longsworth’s modification of the schlieren method (3). A long single 
section of 11 cm. capacity was used. 


EXPERIMENTAL 


The fractionation procedures finally adopted for the saline-soluble pro- 
teins of the liver are outlined in the flow diagram. Approximately 100 gm. 
of liver were ground in a meat grinder with a coarse cutter and the tissue 
was suspended in 3 times its weight of 0.85 per cent NaCl (pH 6.8). The 
mixture was stirred in a Waring blendor rotating at one-third maximum 
speed for 3 minutes. To this suspension, 5 times the original liver weight 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is respon- 
sible for the opinions or conclusions of the authors. 
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Fractional Procedures for Saline-Soluble Proteins 


Ground rat liver extracted with 8 times original weight of 0.85% saline. Suspension 
centrifuged at 11,000 r.p.m. (0°) for 1 hr.* 


Fraction R 


Supernatant R; centrifuged at 
18,000 r.p.m. (0°) 2 hrs.f 


Fraction P 


Fraction I 


| 
Supernatant P; dialyzed 16 hrs. at 
5-10°; pH 7.0; MgCl; 0.015 mu 


Supernatant I; dialyzed 4 hrs.; 
pH 5.8 


Fraction II 


Supernatant II; 20% ethanol; —5° 


Fraction III 


Supernatant III; 40% ethanol; —5° 


Fraction IV 


Supernatant IV; 70% ethanol; —5° 


Fraction V 


* The centrifugation at 9500 < g at the center of the tube was made with a Servall 


SS-1 centrifuge. 
t The centrifugation at 16,500 < g at the 


center of the tube was made with the 


multispeed attachment and the No. 295 head in the International refrigerated 


centrifuge. 
TABLE I 
Percentage Distribution of Liver Nitrogen 
| Whole liver | Dialyzed Supernatant P 
II (pH 5.8)........... 9.0 9.6 24.6 29.0 
a 9.0 7.5 24.6 22.7 
| 1.9 1.8 5.2 | 5.4 
100.0 | 100.0 | 100.0 | 100.0 


| | 
| | 
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of saline was added, the pH adjusted to 7.0 with Na,CO3, and the mixture 
stirred gently for 15 minutes at 0°. In the flow diagram, it is seen that 
the particulate-free saline extract is first freed of salt; fractions are succes- 
sively obtained by precipitating (a) with small amounts of MgCh, (b) by 
adjustment to pH 5.8, and (c) by adjusting to varying ethanol concentra- 


€ 


FRACTION IL FRACTION I FRACTION 


Fia. 1. Descending electrophoretic patterns of Fractions II, III, and IV. These 
experiments were performed in veronal buffer for 180 minutes at a potential gradient 
of approximately 7.5 volts per cm. The numbers are arbitrarily chosen to indicate 
the respective components. 


TABLE II 
Distribution and Mobilities of Components of Fractions III and IV* 
| atbu-| Com- | Com- Com. | Com- | Com- | Com 
: Fraction III 
| 9.4| 16.1 53.5 | 12.4 | 6.3 | 2.1 
| 5.5) 4.8) 4.0) 
Fraction IV 
6.9 12.9 13.9 33.4 5.3 
Mobility, » X 10-8............... 6.5 | 4-4 | 3.6 0.8 


* These data represent the average of five or six accaanaine: of the descending 
patterns. 


tions. All the steps in these procedures are conducted between 0° and 
—5°, except during the dialysis of the particulate-free saline extract. 

The nitrogen distribution of the various fractions in per cent of the 
whole liver and of Supernatant P are shown in Table I. The insoluble 
components and the material lost on dialysis comprise approximately 
two-thirds of the total nitrogen content of the liver. 

Typical electrophoretic patterns of Fractions II, III, and IV are shown 
in Fig. 1 and the per cent distribution and mobilities of the components 
are given in Table II. The electrophoretic patterns of Fraction II show 
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that the proteins move with a single boundary, which is usually charac- 
terized by skewing and some spreading at the base, indicating hetero- 
geneity; this boundary has a mobility of 4.90 x 10-5. Fractions III and 
IV each consist of six globulin fractions and, in addition, the latter frac- 
tion contains a small amount of protein with the mobility of rat plasma 
albumin. Component 3 is the predominant constituent of Fractions III 
and IV. Similar results are obtained after extraction of liver with iso- 
tonic sucrose. 

Table III shows concentrations of nucleic acid, lipide carbon, phos- 
pholipide, and cholesterol in fractions obtained from Supernatant P of 
isotonic saline homogenates after centrifugation at 16,500 X g for 2 hours 
(Experiment 1). Fraction I (MgCl.) has a particularly high concentra- 


TABLE III 


Nucleic Acid and Lipides in Fractions Obtained from Supernatant P of 0.86 Per Cent 
Saline Homogenate* 


Experiment Fenction | | Tanide | Phosphor | 
per cent per cent per cent per cent 

l 16,500 * g I 4.2 15.2 2.4 1.7 

(2 hrs.) II 3.2 9.5 1.6 1.6 

III + IV + 0.0 0.9 0.0 0.0 

2 140,000 * gf (1 I 3.2 10.3 1.5 1.5 

hr.) II 2.6 3.5 0.5 0.4 

III+ 1V+ Vj 0.0 0.4 0.0 0.0 


* Fractions dried to constant weight over P2Os in vacuo. 
t Model L Spinco ultracentrifuge. 


tion of lipide carbon and a relatively high content of nucleic acid. Frac- 
tion II (pH 5.8) contains practically all of the remaining nucleic acid and 
lipide of Supernatant P. In Experiment 2, the saline liver homogenate 
was centrifuged at 140,000 < g to remove all particulate matter. Under 
these conditions, the liver homogenates yielded three layers consisting 
of (1) a top fat layer, (2) a sparkling clear solution, and (3) an insoluble 
residue. The fat layer was removed and the clear supernatant fluid was 
fractionated by standard procedures. In this experiment the concentra- 
tions of nucleic acid and lipides are decreased. The lowered lipide values 
are accounted for by the preliminary removal of the fat layer. 

Supernatant P—The effect of hydrogen ion concentration on the pre- 
cipitation of proteins from Supernatant P before and after dialysis is shown 
in Fig. 2. In the presence of sodium chloride (0.85 per cent), maximum 
precipitation is observed at about pH 4.5; most of the resulting precipitate 
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is insoluble in saline. This denaturation appears to be due to the effect 
of the low pH. Isoelectric precipitation of approximately 40 per cent of 
the total protein is noted in the salt-free solution at pH 5.8; practically 
all of the precipitate so obtained dissolves in saline after prolonged stirring 
at pH 7.0. 


oe 


T/2-0.0 


PROTEIN PRECIPITATED 
FROM SUPERNATANT P 


0 4 T/2- 0.145 


PH 


Kia. 2. Effect of pH on the precipitation of protein from Supernatant P at ionic 
strengths of 0 and 0.145 (NaCl). 


TaBLeE IV 


Nucleic Acid, Lipide Carbon, and Nitrogen Analyses of Fractions Isolated from 
Dialyzed Supernatant P of Saline Rat Liver Homogenate* 


Fraction | Lipide carbon | Total N in ppt. 
per cent per cent per cenit 
MgCl: (0.015 13.3 11.2 18.6 


* Supernatant P was obtained after centrifuging the homogenate at 11,000 r.p.m. 
(9500 X g) for 60 minutes. 
tT Yields a precipitate in presence of salt. 


The greater portion of nucleic acid may be removed from dialyzed 
Supernatant P by addition of small amounts of magnesium, calcium, or 
lanthanum salts, or by adjusting Supernatant P to pH 5.8. The lipide, 
nucleic acid, and nitrogen data for these precipitates are shown in Table 
IV. These precipitates appear to be nucleic acid-lipide-protein complexes. 
In these experiments, the liver homogenates are centrifuged for 1 hour at 
9500 X g and, under these conditions, the supernatant fluid contains 
appreciable amounts of particulate material. It is clear that MgCl, is the 
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best of these precipitating agents, since the complex contains the highest 
nucleic acid and lipide concentrations and the smallest amount of pro- 
tein. 
Further studies were conducted to determine the composition of the 
complex after addition of varying amounts of MgCl, to aliquots of di- 
alyzed salt-free Supernatant P. The total dry weights of the precipitates 
and their respective lipide contents roughly paralleled each other and 
had maximum values at approximately 0.012 m MgCl, concentration. 
The nucleic acid content of these precipitates reached a maximum at 
0.008 m MgCl, and remained constant at higher concentrations. These 
results indicate that the composition of the lipide-nucleic acid-protein 
complex may be varied by the concentration of the MgCl. 
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kia. 3. The effect of pH, ethanol concentration, and ionic strength on the solu- 
bility of proteins in Supernatant IT. 


Supernatant II—-The effect of varying the ionic strength, pH, and 
ethanol concentrations of the precipitation of proteins from this superna- 
tant is shown in Fig. 3. Aliquots of Supernatant II with ionic strengths 
of 0 and 0.1 (NaCl) are maintained at pH 5.0, 5.8, and 6.9 and the ethanol 
concentrations are varied. In the absence of salt, the largest precipitate 
is obtained at a concentration of 20 per cent ethanol at pH 5.8; this protein 
is soluble in water and remains in solution at pH 7.0. In the presence of 
salt, maximum precipitation is observed at a concentration of 20 per cent 
ethanol at pH 5.0; this protein is only partially soluble in water. At pH 
6.9, relatively high ethanol concentrations are required for appreciable 
precipitation. 

A pH-solubility curve of Supernatant II showed maximum insolubility 
of proteins at pH 5.8. The supernatant solution obtained at this optimum 
pH was adjusted to 40 per cent ethanol and optimum precipitation was 
found to be at pH 5.6 to 5.8. These findings were utilized in the pro- 
cedures finally adopted for precipitating Fractions III and IV. 
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When Supernatant II (pH 5.8) is allowed to stand in the cold, a pre- 
liminary clouding followed by the formation of a precipitate is noted 
within a few hours. This unstable protein comprises about 10 per cent 
of the total nitrogen and is completely precipitated after standing over- 
night. The proteins in the resulting supernatant solution were further 
tested for their sensitivity to hydrogen ion concentration. Aliquots were 
adjusted to different pH values ranging from 3.5 to 8.0, allowed to stand 
for 1 hour at 2°, and then adjusted to pH 5.8. The protein precipitates, 


TABLE V 
Effect of pH on Precipitation of Protein from Supernatant II 


Initial pH Protein pptd. Initial pH Protein pptd. 
per cent per ceni 
3.5 51.4 6.0 0 
4.0 36.0 6.5 0 
4.4 25.7 7.0 0 
5.1 9.1 7.5 0 
5.5 2.8 8.0 


/ \ FRACTION II 


UNSTABLE PROTEIN 
(PH 5.8) 
| 


| 
| RESIDUAL PROTEIN 


Kig. 4. The electrophoretic patterns of a solution of Fraction III and two sub- 
fractions. 


which formed immediately, were insoluble in both water and saline. The 
values for the per cent of the total protein precipitated are shown in Table 
V. The liver proteins in this solution were not precipitated after pre- 
liminary adjustment in the pH range between 6.0 and 7.5. The largest 
precipitates were obtained in the aliquots initially adjusted to the more 
acid ranges. 

Ethanol affects the properties of proteins precipitated from Supernatant 
Il. The proteins precipitated by adjusting this solution (pH 5.8) to 10 
per cent ethanol and the succeeding supernatant fluids to 20, 30, 40, and 
50 per cent ethanol were dissolved in water (pH 7.0); the vields were pro- 
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portionately 100, 105, 23, 14, and 51 per cent for the respective ethanol 
concentrations. After adjusting the pH of each of the aqueous solutions 
to pH 5.8, different amounts of protein precipitated immediately. It 
was found that the insoluble protein formed in solutions of the 10, 20, 30, 
40, and 50 per cent ethanol precipitates accounted for 67, 16, 7, 6, and 
15 per cent of the respective total protein contents. It is clear that the 
10 per cent ethanol precipitate contains the greatest amount of unstable 
proteins. 

Fractions III and IV—Electrophoretic patterns of Fraction III and 
two subfractions are shown in Fig. 4. The subfractions are obtained by 
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Fra. 5. The effect of pH, ethanol concentration, and ionic strength (NaCl) on the 
solubility of proteins in a solution of Fractions IIT plus IV. 


(1) adjusting an aqueous solution of Fraction IIL to pH 5.8 and (2) pre- 
cipitation of residual proteins from the resulting supernatant solution at 
40 per cent ethanol and pH 5.8. Both fractions are readily soluble in 
water. The electrophoretic patterns indicate that the unstable proteins 
are chiefly derived from Component 3. 

Aliquots of aqueous solutions of Fraction III+IV were adjusted to 
pH 5.0, 5.8, or 6.6 and the respective solutions were adjusted successively 
to 7, 18, 25, and 40 per cent ethanol. The electrophoretic patterns for 
these precipitates were similar and were characterized by a predominance 
of Component 3. 

Data presented in Fig. 5 yield information concerning the solubility of 
proteins in Fraction III+IV at different ethanol concentrations, ionic 
strengths, and hydrogen ion toncentrations. 
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Electrophoretic Studies of Liver and Plasma Fractions—Combinations 
of rat liver-plasma (4) fractions (protein ratio 2:1) were prepared for 
electrophoresis and the patterns were analyzed for absolute areas and 
mobilities. A plasma protein fraction (II+III, IV-4, or V) was mixed 
with either liver protein Fraction II, III, or IV. In each case the areas 
of the a:- and a-globulin components of the liver-plasma fraction mixtures 
were increased. <A direct comparison of the mobility relationships of the 
liver and plasma proteins showed that the main component of liver Frac- 
tion II had a mobility between a;- and a-globulins, and the main com- 
ponent of Fractions III and IV was identical with that of a,-globulin. 

“Incubation” of Liver and Plasma Albumin Mizxture—Minced rat liver 
(5 gm.) was mixed with 25 ml. portions of a 3 per cent electrophoretically 
pure solution of rat albumin. One mixture was kept at 37° and stirred for 
3 hours by a rapid stream of nitrogen and the other was stirred mechanic- 
ally at 0° for the same length of time in contact with air. Both mixtures 


TaBLeE VI 
Electrophoretic Analyses of a Liver Mince Extracted with Albumin Solution 
Albumi @i- + at 
Absolute Total Absolute Total 

per cent per cent per cent 
100% albumin (N3; 37°)............. 48.6 100.0 3.26 
Liver-albumin (N;; 37°).............| 46.8 90.3 6.0 11.5 3.42 
ME 91.2 5.7 9.9 3.70 


were centrifuged, protein and non-protein nitrogen concentrations of the 
supernatant solutions determined, and the electrophoretic patterns of the 
albumin and albumin-liver extracts analyzed (Table VI). These data 
indicate that the proteins are readily extracted from minced liver by 
albumin-containing solutions without any significant change in the al- 
bumin content. 


DISCUSSION 


Previous investigations on the proteins of liver involved fractionation 
of the composite cellular, particulate, and cytoplasmic components (1). 
In an effort to obtain the cytoplasmic proteins in the present experiments, 
precautions were taken to avoid disruption of nuclei and particulate 
material. Comparable electrophoretic and chemical analyses were ob- 
tained by extracting liver with isotonic saline or sucrose with the aid of 
either the Potter-Elvehjem glass homogenizer or by relatively slow speed 
homogenization with the Waring blendor. 
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In the present study, an appreciable amount of a nucleic acid-lipide- 
protein complex was shown to be present in the aqueous phase of the liver 
cell cytoplasm. Hogeboom et al. (5) and Schneider (6) also reported the 
presence of appreciable quantities of ribonucleic acid in particulate-free 
liver extracts. 

The chief electrophoretic component of Fractions III and IV has the 
same mobility as the rat plasma a.-globulin. Attempts to subfractionate 
these fractions under widely different conditions indicate the presence of 
a complex aggregate of proteins all of which have the same mobility. 
According to the electrophoretic data, at least eight protein components 
are present in the saline-soluble constitutents of the cytoplasm. It may 
be possible to distinguish a larger number of components by electrophoresis 
in buffers of different hydrogen ion concentrations and ionic strengths. 

The isoelectric point for most of the saline-soluble proteins is about pH 
5.8 at very low salt concentrations. After exhaustive dialysis of Superna- 
tant II against distilled water, the isoionic point proves to be at pH 5.8. 
This hydrogen ion concentration is also critical for maximum precipitation 
of protein with ethanol. However, in order to maintain most of these 
proteins in solution in an undenatured state, it is essential to adjust to pH 
7.0 immediately after precipitation. 

Most of the rat liver proteins have mobilities in the a- to a-globulin 
range of rat plasma. The presence of small amounts of a protein in Frac- 
tion IV with the mobility of plasma albumin confirms the findings of Luck 
(7). An appreciable amount of protein present in Fraction V, precipitated 
at 70 per cent ethanol concentration, could not be characterized owing to 
its insolubility in aqueous solvents. According to Roberts and White 
(8), a-globulins are liberated after incubating liver in rat serum. They 
suggest that serum albumin “may have been the source of part of the 
‘ai-globulin’ liberated by the liver, or provided energy for ‘a;-globulin’ 
formation.”’? As a result’ of the findings presented in this paper, the im- 
plications of Roberts and White appear to be unwarranted, since the 
albumin content of mixtures containing minced or sliced liver and plasma, 
plasma fractions, or plasma albumin is not significantly affected, ‘The 
presence of the a globulins in these experiments appears to be due to simple 
extraction, 

In a previous paper (4) dealing with the effeets of thermal injury on 
plasma proteins, 1} was shown that the a)-globulin component of Fraction 
1V-4 was increased. In the present paper, patterns similar to those ob- 
served in injured rats are obtained by mixing rat plasma Fraction [V-4 
with liver Fraction II] or IV. These findings suggest the possibility that 
liver proteins are released after severe injury to the rat. 
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SUMMARY 


A method for fractionating the saline-soluble cytoplasmic proteins of 
liver at low ionic strength and at different ethanol concentrations is de- 
seribed. 

A ribonucleic acid-lipide-protein complex (Fraction I) is precipitated 
from the salt-free extract by low concentrations of magnesium ions at pH 
7.0. The proportions of the components of this complex are affected by 
the concentration of the magnesium ion. 

Electrophoretic data indicate the presence of at least eight different 
protein components. The predominant proteins have mobilities in the 
a,- to a-globulin range. 

A number of liver proteins are unstable after exposure to small changes 
in pH, ionic strength, and ethanol concentration. 
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COMBINATION OF INSULIN WITH MUSCLE OF THE 
HYPOPHYSECTOMIZED RAT* 


By WILLIAM C. STADIE, NIELS HAUGAARD, anv JULIAN B. MARSHt 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, June 28, 1950) 


Both excess and deficiency of the hormones of the pituitary gland are 
known to influence the action of insulin. To demonstrate such effects 
surviving isolated tissue in vitro as well as the intact animal has been 
used. For example, an excess of pituitary hormone caused by pituitary 
hyperfunction or by injection of pituitary preparations in the intact ani- 
mal results in an increased resistance to insulin (1). Using the rat dia- 
phragm in vitro, Nelson (2) first showed that the prior injection of an- 
terior pituitary extracts occasions a decrease in the effect of insulin on 
glycogen synthesis. A deficiency of pituitary hormone, on the other hand, 
brought about by hypophysectomy, causes the intact animal to become 
highly sensitive to insulin. But attempts to demonstrate this hyper- 
sensitivity in vitro, with the rat diaphragm, have been unsuccessful (3-5). 

To study this problem we made use of the technique (5, 6) previously 
reported from this laboratory: a hemidiaphragm is equilibrated for 1 min- 
ute or less in a solution containing insulin, washed in two changes of 
medium without insulin, and then equilibrated, still without added insulin, 
in a glucose solution. Invariably, the insulin-treated hemidiaphragm uti- 

lizes more glucose and synthesizes more glycogen than its paired control. 
- We attribute this extra metabolic activity to the presence of insulin which 
became chemically bound by muscle tissue during the brief preliminary 
exposure. We found that this combination of insulin is influenced by 
hormones. In particular, injection of anterior pituitary extract into the 
intact animal decreased or abolished the subsequent ability of the isolated 
diaphragm to respond in normal fashion to the short preliminary exposure 
to insulin. More significant is the observation (5) that antecedent treat- 
ment of the diaphragm in vitro with crude anterior pituitary extract or 
partially purified fractions of pituitary protein for short periods rendered 
the diaphragm refractory to subsequent combination with insulin. It is 


* Supported in part by grants-in-aid from the National Institutes of Health, 
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obvious from these observations that some pituitary factor prevents what 
we call ‘tthe combination of insulin with muscle tissue.” 

These observations naturally led to the expectation that diaphragms 
from hypophysectomized rats, not containing the interfering factor, would 
combine with insulin with unusual avidity. The experiments reported 
here are in accord with this expectation. 


Methods 


These are given in previous papers (5, 6). Rats were killed by decapi- 
tation and the hemidiaphragms removed with minimum trauma and 
weighed on a torsion balance. One hemidiaphragm was equilibrated for 
1 minute at 25° + 2° in phosphate-saline medium containing insulin at a 
given concentration; the control hemidiaphragm was equilibrated without 
insulin. Both diaphragms were then washed twice in 25 ml. of medium 
and finally equilibrated for 90 minutes in medium containing 0.4 per cent 
glucose. Glycogen was determined by a modification of the method of 
Good, Kramer, and Somogyi (7) as follows: The diaphragm was digested 
for 30 minutes at 100° in 2 ml. of 30 per cent KOH and the glycogen pre- 
cipitated with 2 drops of 10 per cent ZnSO, and 2 volumes of alcohol in a 
12 ml. centrifuge tube. After cooling at 0° for 10 minutes, the tube was 
centrifuged and the glycogen redissolved in 1 ml. of water, reprecipitated 
with 2 volumes of 95 per cent alcohol, cooled, and recentrifuged. The 
final precipitate was then dissolved in 2.5 N H2SO, and hydrolyzed 30 
minutes at 100°. The solution was then neutralized, filtered, and analyzed 
for glucose by the method of Miller and Van Slyke (8). The results are 
expressed as micromoles of glucose per gm., wet weight, of diaphragm. 
The difference between the final glycogen with and without insulin has 
been called the insulin effect. 

Medium—0.040 m sodium phosphate, 0.087 m NaCl, 0.005 m MgCh, 
pH 6.8. 

Rats—The hypophysectomized rats were obtained from the Hormone 
Assay Laboratories, Chicago. They were of the Sprague-Dawley strain. 
Two types of normal controls were used: rats of the Sprague-Dawley 
strain from the Hormone Assay Laboratories and rats of the Wistar strain. 
No significant difference was observed between these two normal strains 
in the ability of the diaphragms to synthesize glycogen or respond to in- 
sulin. The results with the two strains were therefore pooled. The nor- 
mal rats were fasted before an experiment, while the hypophysectomized 
rats were used without prior fasting 3 to 4 days after operation. In con- 
trol experiments it was found that the insulin effect on glycogen synthesis 
was the same in diaphragms from fasted and fed control animals. 
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Results 


In Table I are given the data of a study of the reaction of diaphragms 
from normal and hypophysectomized rats to a 1 minute exposure to four 
different concentrations of insulin. The assay for the insulin effect was 
performed in a medium containing 0.4 per cent glucose, because inde- 
pendent studies showed that the difference between normal and hypophy- 
sectomized rats is best brought out at high concentrations of glucose. It 
is seen that at all concentrations of insulin there is a greater insulin effect 
on glycogen synthesis in diaphragms from hypophysectomized rats. The 


TABLE I 


Combination of Insulin with Isolated Diaphragm from Normal and 
Hypophysectomized Rats 


] minute exposure to insulin at 25° + 2°. Two washings in 25 ml. of medium fol- 
lowed by 90 minutes equilibration in phosphate-saline medium containing 0.4 per 
cent glucose. Insulin effect measured by extra glycogen synthesis and expresse'! 
as micromoles of glucose per gm., wet weight. 


Normal rats Hypophysectomized rats 
Mean insulin effect Mean insulin effect 
| sate s.¢.m. vate + s.e.m. 
; untis per mi. per cent 
) 0.01 9 +2.1 4 0.91 7 +9.4 + 1.36 | +7.3 + 2.56) 347 
0.1 75 | +8.3 + 0.52 | 15 | +14.8 + 1.08 | +6.5 + 1.25 78 
0.5 4/4+15.0 + 2.05; 5| +24.3 + 4.56 | +9.3 + 5.47 62 
1.0 +15.4 + 2.19 | 4] 421.3 4 1.28 | +5.9 + 2.55 38 
Final glycogen, | 92| 24.8 + 0.38 | 31] 30.9 + 0.55 
; no insulin | 


striking increase of insulin sensitivity in the hypophysectomized rat is 
most manifest when the concentration of insulin in the fixation period is 
e low. This is particularly evident when the percentage increase in glyco- 
: gen synthesis is considered. Indeed, at 0.01 unit per ml. normal dia- 
y phragms show small insulin effects not significantly different from zero. 
. The preparations from hypophysectomized rats, however, respond to the 
S same extent as normal diaphragms at concentrations 10 times as large. 
As the insulin concentration is increased during the 1 minute exposure, 
the insulin effects increase until a limiting value is reached at which the 
percental difference between normal and hypophysectomized is small. 
The glucose concentration of the medium during the 90 minute synthesis 
period in these experiments was 0.4 per cent, appreciably higher than that 
employed by previous investigators (8-5). The absolute magnitude of the 
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insulin effects at 0.01 to 0.1 unit per ml. is smaller in 0.2 per cent glucose 
than in 0.4 per cent glucose. Evidence on this point is included in a 
separate paper (9). : 

Previous attempts, including our own (3-5), to demonstrate this in- 
creased effect of insulin on diaphragms from hypophysectomized rats have 
failed. We believe that this is because the technique hitherto used in- 
volved prolonged exposure (60 to 120 minutes) of the diaphragm to rela- 
tively high concentrations of insulin. Under these circumstances, the 
difference between diaphragms from normal and hypophysectomized rats 
tends to be relatively small and so could easily be missed. 

We were successful, however, in demonstrating an increased insulin 
effect in diaphragms from hypophysectomized rats (the insulin being pres- 
ent during the entire 90 minutes of equilibration) by using low concentra- 


| TABLE II 
Insulin Effect on Glycogen Synthesis of Diaphragms from Normal and 
Hypophysectomized Rats 
90 minutes equilibration in phosphate-saline medium containing 0.4 per cent 
glucose. Concentration of insulin 0.05 or 0.1 unit per ml. Insulin effect expressed 
as micromoles of glucose equivalents per gm., wet weight, of tissue. 


E No. of experi- Insulin Elycogen 
+ s.e.m. 
Hypophysectomized........................ 7 +16.1 + 1.41 


* P (probability that the difference is due to chance) <0.01. 


tions of insulin (0.05 and 0.1 unit per ml.) and high concentrations (0.4 
per cent) of glucose (Table II). It is interesting to note that the insulin 
effects obtained under these conditions tended to be smaller than those 
reported in Table I. The technique of brief exposure to insulin and sub- 
sequent use of high glucose in the medium is responsible, we believe, for 
the striking character of our results. In other respects, also, we have 
found that this technique is a valuable tool in the study of insulin action 
in vitro. 


DISCUSSION 


The experiments reported here demonstrate clearly in vitro the insulin 
hypersensitivity of tissue from hypophysectomized rats. In addition, we 
have previously shown (5) by the technique outlined here that prior in- 
jection in vivo of pituitary hormone, or even brief preequilibration of the 
diaphragm in vitro with pituitary hormone, renders the diaphragm refrac- 
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tory to insulin. These findings are evidence for the hypothesis that there 
is in normal rat muscle some factor, either directly or indirectly of pitui- 
tary origin, which antagonizes the action of insulin. 

The following is the simplest mechanism we have thought of to explain 
these alterations of the effect of insulin upon glycogen synthesis by the 
rat diaphragm: Both insulin and pituitary factor are capable of binding 
to muscle tissue. Together they form a competing system, the amount 
of each bound being a function of the relative concentrations. If pitui- 
tary factor is in excess, as in pituitary-injected rats or diaphragms pre- 
treated with pituitary hormone, little or no insulin is bound and the in- 
sulin effect on glycogen: synthesis vanishes. If pituitary factor is absent, 
as in the hypophysectomized rat, insulin is bound maximally and the in- 
sulin effect is also maximum. come es 

A modification of this hypothesis is conceivable; viz., insulin and pituitary 
factor are capable of binding as above, but there is no competition as to 
binding. However, bound insulin (undiminished in amount) is impaired 
by pituitary factor in its action in accelerating glycogen synthesis and 
glucose uptake. 

The first of these alternatives appears to be simpler, but as yet there is 
not sufficient evidence to permit a choice between them. 

Our experiments show strikingly that maximum effects of insulin are 
obtained in the absence of pituitary hormones. This is completely at 
variance with the concept that the presence of inhibitory pituitary factors 
is a prerequisite for insulin action. 


SUMMARY 


1. Isolated hemidiaphragms from normal and hypophysectomized rats 
were exposed for 1 minute to insulin at varying concentrations, causing 
insulin to be bound to the tissue. It was found that the subsequent effect 
of the bound insulin, when measured by extra glycogen synthesis over the 
respective controls, was much greater in the diaphragms from hypophysec- 
tomized rats. This was particularly striking when the concentration of 
insulin during the preliminary period was low. 

2. The increased response to insulin by diaphragms from hypophysec- 
tomized rats was also found when the diaphragms were equilibrated for 90 
minutes in a medium containing low concentrations of insulin and high 
concentrations of glucose. 

3. These experiments offer a simple explanation of the known hyper- 
sensitivity of the hypophysectomized rats to insulin: In the normal rat a 
pituitary factor is present which diminishes the binding of insulin to muscle 
tissue; this factor is eliminated by hypophysectomy. Hence, insulin com- 
bines maximally and the insulin effect on glycogen is maximum. 
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4. On the basis of these findings it is postulated that insulin and a pitui- 
tary factor compete for loci of combination on tissue. This offers a possi- 
ble explanation for a regulatory interaction between these two hormones 
concerned in phases of carbohydrate metabolism. 
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(From the John Herr Musser Department of Research Medicine, University of 
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(Received for publication, June 28, 1950) 


The synthesis of glycogen from glucose by the isolated rat diaphragm 
in vitro is altered by several compounds. Insulin is the only substance 
known at present which increases glycogen synthesis, while several sub- 
stances, epinephrine, most steroid hormones, and 2,4-dinitrophenol, are 
known to decrease it. The mechanisms by which these effects are brought 
about are obscure. We have found (1, 2) that a rat hemidiaphragm placed 
in an insulin solution for 1 minute or less, then washed, will synthesize 
more glycogen than its paired untreated hemidiaphragm when incubated 
for 90 minutes in a glucose medium. We interpreted this to mean that 
insulin combines rapidly with some structural element of the muscle and 
exerts its effects in combined form. Presumably such combination is a pre- 
requisite for the effect of insulin upon metabolic processes. 

The present paper reports experiments designed to determine whether 
or not such combinations can be demonstrated by the same method in the 
case of epinephrine, 2,4-dinitrophenol, and two adrenal steroids, all of 
which diminish glycogen formation from glucose when they are present 
during the entire period of synthesis. 


Methods 


The techniques of preequilibration of the diaphragms with the test sub- 
stance, the washing procedure, the character of the medium during the 90 
minute synthetic period, the method for the determination of glycogen 
synthesis, and the measurement of the oxygen uptake are identical to those 
employed in previous experiments (1). 


Results 


Epinephrine—Table I contains the data of experiments in which rat 
hemidiaphragms were immersed for 1 minute in solutions of epinephrine 
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of different concentrations, washed, and equilibrated in the medium with 
glucose. There was a significant decrease in the glycogen synthesis of the 
experimental hemidiaphragm compared to its control in experiments in 
which the concentration of epinephrine was 4 or 10 y per ml. during the 
initial 1 minute preequilibration period. 

2 ,4-Dinitrophenol—This compound causes an increase in the oxygen up- 
take and a decrease in the glycogen synthesis from glucose in the isolated rat 


TaBLE 
Combination of Epinephrine with Isolated Rat Diaphragm 


Equilibrated for 1 minute at 25° in a medium containing epinephrine. Washed 
twice (30 seconds) in 25 ml. of phosphate-saline medium. Assay period, 90 minutes 
(glucose 0.4 per cent). Glycogen synthesis in control series, 9.8 um per gm. 


Decrease of glycogen 
Concentration of A P f * 
No. of rats epinephrine er cent of control P 
per ml. per gm. 
6 4 2.2 + 0.83 22 + 8.5 <0.05 
10 10 2.9 + 0.87 30 + 8.9 <0.01 


* Probability that the difference is due to chance. 


TABLE II 
Combination of 2,4-Dinitrophenol (DNP) with Isolated Rat Diaphragm 


Equilibrated with DNP (10 y per ml.) for 1 minute at 25°. Washed twice (30 
seconds) in 25 ml. of phosphate-saline. Assay period, 90 minutes (glucose 0.4 


per cent). Glycogen synthesis in control series, 9.8 uM per gm. 
Oxygen uptake, uM per gm. per hr. Decrease with 
No. of rats (glucose equivalents) 
Without DNP Increase with DNP Per gest od control 
| 
uM per gm. 
10 48 22 + 5.4* 3.7 + 1.0* 38 + 10* 


* Probability that the difference is due to chance, <0.01. 


diaphragm. Table II shows that preequilibration with 2 ,4-dinitrophenol 
for 1 minute at a concentration of 10 y per ml. is sufficient to cause, sub- 
sequently, a marked increase in O, uptake and a decrease in glycogen 
synthesis of the diaphragm. In all experiments, the oxygen uptake was 
linear during the entire 90 minute equilibration period. 

Adrenal Cortical Steroids—Verzar and Wenner (3) demonstrated that 
glycogenolysis occurs when diaphragms are equilibrated in media con- 
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taining various steroid hormones. The experiments reported in Table III 
are in agreement with these findings. Two representative steroids, 17- 
hydroxycorticosterone and 11-desoxycorticosterone, when present during 


TaBLeE III 
Effect of Adrenal Cortical Hormones on Glycogen Synthesis by Isolated Rat Diaphragm 
Diaphragm equilibrated for 90 minutes (38°) in phosphate-saline medium (0.4 
per cent glucose). Adrenal cortical steroid as indicated. Solvent, propylene glycol 
or alcohol (1.5 per cent), also added to control paired hemidiaphragm. 


on Decrease in glyco- 
No. of ucose gen com 
gm. + s.e.m 
ms. per cent 
3 17-Hydroxycorticosterone | 0.05 0 4.7 + 1.25 <0.01 
3 11-Desoxycorticosterone 0.05 0.2 6.6 + 0.93 <0.001 
4 “ 0.05 0.4 4.8 + 0.66 <0.001 
2 ” 0.5 0.4 22.4 
* Probability that the difference is due to chance. 
TaBLeE IV 
Failure to Demonstrate Combination of Adrenal Hormones with Isolated Rat 
Diaphragm 


Diaphragms equilibrated (25°) for the times indicated in media containing corti- 
cal steroids. Washed twice (30 seconds) in 25 ml. of medium. Assay period, 90 
minutes (38°) in phosphate-saline with 0.4 per cent glucose. 


Mean on 
No. of rats Adrenal steroid to control, (glucose 
+ s.e.m. 
mg. per ml. min. 
3 Desoxycorticosterone 0.1 2 —1.3 + 1.19 
7 2 0.2 3 +0.6 + 0.87 
4 17-Hydroxycorticosterone 0.1 1 +2.1 + 1.41 
3 5 +0.9 + 0.98 


the 90 minute equilibration of the diaphragm with glucose, caused a marked 
decrease in glycogen synthesis. 

However, when we attempted to demonstrate a combination of these 
substances with muscle tissue by the method which was successful in the 
case of insulin, epinephrine, and 2,4-dinitrophenol, we failed. Dia- 
phragms were treated with solutions of desoxycorticosterone and 17-hydrox- 
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ycorticosterone for | to 6 minutes, washed, and then equilbrated for 90 
minutes in a glucose medium. There was no difference (Table IV) in the 
ability of these diaphragms compared to controls to synthesize glycogen. 


DISCUSSION 


The phenomenon discussed in this paper may be stated in general terms 
as follows: Certain substances which are metabolically active combine with 
considerable rapidity with elements of tissue structure with sufficient firm- 
ness to resist the dissociating action of washing and, in combined form, 
exert characteristic effects on tissue metabolism. We demonstrated (1, 2) 
this phenomenon in the case of rat muscle and insulin as follows: A rat 
hemidiaphragm was equilibrated for a brief period (10 seconds or more) 
in a medium containing insulin and then thoroughly washed. When 
equilibrated in a glucose medium for 90 minutes the pretreated hemidia- 
phragm utilized more glucose and synthesized more glycogen than its 
paired control. We also showed in the following way that an anterior 
pituitary protein combines with rat diaphragm: A rat diaphragm was 
equilibrated for a brief period in a solution containing pituitary protein 
and then washed. When we attempted to combine insulin with this dia- 
phragm by the method described above, we failed. We interpreted this to 
mean that pituitary protein had combined first and made the diaphragm 
refractory to insulin. The experiments reported in this paper further 
demonstrate the combination with muscle of epinephrine and 2 ,4-dinitro- 
phenol which, in bound form, bring about a diminution of glycogen syn- 
thesis from glucose. In the case of the latter substance we also observed 
the characteristic effect of a marked increase in oxygen uptake. 

The literature discussing this phenomenon is quite fragmentary. In the 
field of immunochemistry there are references to combinations of bio- 
logically active compounds, but we have been unable to find discussions of 
combinations of substances with mammalian tissue resulting in alterations 
of metabolic activity. Rothstein and coworkers (4, 5) reported interesting 
experiments which demonstrate the formation of complexes of uranium 
and proteins of the cell surface layer of yeast. They proposed a mass ac- 
tion interrelation between the concentrations of uranium and yeast which 
they tested by measuring free and combined uranium and the percental 
inhibition of anaerobic glucose utilization. > 

Most pertinent to the present studv are the important observations 
made by Boehm (6) in 1910. He studied the effect of curarine on the 
excitability of frog muscle to electrical stimulation and found that the 
maximal effect of the drug was obtained after dipping the muscle for about 
1 minute into a solution containing curarine. The drug was not removed 
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by extensive washing. The author drew the conclusion that curarine 
combined chemically or by adsorption with structural elements of the 
muscle and that this firm combination was an important part of the physi- 
ological action of this compound. 

It is remarkable how similar this phenomenon is to the chemical combi- 
nation of insulin with the rat diaphragm described by us. 

The ability of certain hormones such as insulin, pituitary hormone, and 
epinephrine to combine chemically with muscle tissue is obviously of con- 
siderable physiological significance. For example, only small amounts of 
hormones need be secreted since, owing to combination, blood levels could 
be essentially zero. Again competitive interaction between hormones of 
opposed metabolic effects for sites of chemical combination on tissue offer 
a simple explanation for regulatory mechanisms. Since both proteins and 
simple organic compounds have been shown to combine with tissue, it is 
possible that key groups in the molecule are responsible for the binding. 
In the case of hormones, it is conceivable that certain groups are concerned 
with combination and others with specific metabolic effects. Such a dual 
mechanism would lead to interesting possibilities in specificities of action 
on metabolic processes. 

Attempts to demonstrate the combination of representative adrenal 
steroid hormones were unsuccessful. Since these compounds are quite ac- 
tive in causing glycogenolysis when present in the medium during the en- 
tire equilibration period, they are apparently easily removed from the 
tissue during the washing period. The explanation of this difference in 
behavior is speculative. Perhaps metabolically active substances range in 
character from that of insulin, which appears to bind very firmly so that 
prolonged washing does not remove it from tissue, to steroid hormones 
which do not bind at all, or so loosely that a minimal amount of washing 
removes them from combination. Uranium may be in between in that 
complex formation with yeast protein is easily demonstrable, but dissocia- 
tion occurs when the cells are subject to a moderate amount of washing (4). 
In certain respects the coenzymes are analogous: they are metabolically 
active; they combine with protein very firmly, as in the case of the flavins, 


and relatively loosely, as in the case of the pyridine nucleotides. 
SUMMARY 


1. The phenomenon of the chemical combination of metabolically active 
substances with structural elements of tissues was further studied. Such 
combination, originally observed to occur with insulin and pituitary hor- 
mone, was also demonstrated in the case of epinephrine and 2 ,4-dinitro- 
phenol. 
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2. The implications of the combination of metabolically active sub- 
stances with tissue are discussed. 
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Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, July 24, 1950) 


The precipitation of actomyosin from colloidal solution upon addition 
of adenosinetriphosphate (ATP) was described by Szent-Gyérgyi. This 
reaction, because of the active contraction of the precipitate to a small 
volume, was designated superprecipitation (1). The early investigation 
of the effect of ATP on the viscosity of actomyosin solutions led to the 
conclusion that myosin and actin combine in almost any proportion (1). 
However, studies involving superprecipitation with ATP, as brought out 
in the present report, require a different interpretation. 


EXPERIMENTAL 


Superprecipitation was carried out by adding about 1 um of sodium ATP 
to an actomyosin solution in 0.15 m KCl at pH 7.0 to 8.0, containing ap- 
proximately 5 mg. of protein in 5 ml. of solution. In order to vary the 
proportion of the proteins in the solution, increasing amounts of actin were 
added to equal amounts of myosin or vice versa. The precipitate was re- 
moved by centrifugation and the supernatant solution was tested for the 
presence of myosin or actin. Myosin in the supernatant solution was de- 
tected by adding a small amount of actin and ATP and observing the for- 
mation of a precipitate, and in a few tests by measuring adenosinetriphos- 
phatase (ATPase) activity. Conversely, actin was detected by adding 
myosin and ATP. Total protein in myosin and actin solutions and in the 
supernatant solutions and the precipitates was determined by the micro- 
Kjeldahl procedure, except in a few instances in which the amount of pro- 
tein was small and nesslerization was employed. 

In order to obtain actin-free myosin we developed a new procedure, the 
initial steps being identical with those in Szent-Gyérgyi’s method,(1). 
“Myosin” was precipitated as formerly by diluting the KCl-potassium 
phosphate, pH 6.5, muscle extract to a final KCl concentration of 0.04 m. 
The precipitate was dissolved in a 1.2 mM KCI solution, and the final KCl 
concentration adjusted to 0.6 m. When this myosin was diluted to a KCl 
concentration of 0.16 M, a precipitate varying from a faint turbidity to a 

* Special Research Fellow, Experimental Biology and Medicine Institute, United 
States Public Health Service. 
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heavy flocculence, according to the amount of actin present, invariably ap- 
peared after addition of ATP at 20°. After the 0.16 m KCl solution was 
treated with the minimal amount of ATP needed to precipitate actomyosin 
(usually about 10 mg. per 100 gm. of rabbit muscle used),' actin-free 


TABLE 
Superprectpitation with Constant Myosin and Increasing Actin 


2 2 3 Tube S| Tube 6 Tube 7 Tube 8 Tube 9 
< 
mg.| mg. | mg.| mg. | mg. mg. mg. meg. mg. 
Protein contained in |3.6/3.6 |3.6| 3.6) 3.6 3.6 3.6 3.€ 3.6 


added myosin solution 
Protein contained in |0.9)/1.8 |3.0] 4.5) 6.0 9.0 12.0 15.0 22.0 
added actin solution 
Protein in superprecipi- |3.5/4.4 [5.2] 5.6) 5.9 6.2 6.1 6.1 6.3 
tate 
Superprecipitation on/+ (0 |0 |0 | 0 0 0 0 0 
adding actin and ATP 
to supernatant solu- 
tion | 
adding myosin and 
ATP to supernatant 


solution 

Protein in supernatant 0.9* 
solution 

Ratio, myosin to actin, 4:1 


subtracting from actin 
umount of protein re- 
maining in superna- 
tant solution 

Actin in supernatant so- +/ +} ++] ++ 
lution after superpre- 
cipitation of redis- 
solved ppt.t | 


The KCl concentration in each tube was 0.13 mM and the pH was 7.5. The final 
volume was made equal in all tubes before adding 0.6 mg. of sodium ATP. 
*N was determined on the trichloroacetic acid precipitate of the supernatant 
solution. 
+t For explanation see the text. 


myosin was precipitated by diluting the supernantant solution to a final 
KCl concentration of roughly 0.04 m. The myosin precipitate, used ex- 
clusively in these experiments, was separated in the refrigerated centrifuge 


‘An ATP preparation free of factors that inhibit the ATPase activity of mvosin 
should be used. 
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and dissolved with 1 volume of 1.2 m KCl to give an 0.6 m solution, which 
was further diluted with 1 volume of 0.6 m KCl. The concentration of 
myosin in this preparation averaged about 14 mg. per ml. 

Actin was prepared according to Feuer, Molnar, Pettko, and Straub (2). 
The actin solutions contained on the average about 5 mg. of protein per 
ml. 


Results 


Superprecipitation with Varying Proportions of Myosin and Actin—A num- 
ber of experiments with several batches of myosin and actin were carried 
out in which actin in increasing amounts was added to a given amount of 
myosin. ‘The results of a typical experiment, as presented in Table I (the 
average of triplicate runs), show that at one ratio the supernatant con- 


TABLE II 
Superprecipitation with Constant Actin and Increasing Myosin 


— 


Tube 1 | Tube 2 | Tube 3| Tube 4 Tube 5 
mg. meg. mg. mg. mg. 
Protein contained in added myosin solution | 1.4 | 2.8 | 5.6 11.2 16.8 
actin 0.81 | 0.81 | 0.81 0.81 0.81 
‘¢ in superprecipitate 1.56 | 2.62 | 3.25 4.00 4.12 
Superprecipitation on adding myosin and | 0 0 0 0 0 


ATP to supernatant solution | 
Superprecipitation on adding actin and ATP | 0 +44 
to supernatant solution 
Myosin in supernatant after superprecipita- | — — 
tion of redissolved ppt.* 


+ | + | ++ 


| 


The KCI concentration was 0.13 m and the pH was 7.5. The final volume was 
made equal in all tubes and 0.6 mg. of sodium ATP was added. 
* For explanation see the text. 


tains neither myosin nor actin. This may be considered the stoichiometric 
point. That myosin, or actomyosin, was not present in the supernatant 
solution at this ratio was confirmed by the absence of ATPase activity. 
Actin added in excess of the amount at this point appears partly in, the 
supernatant solution and, up to a certain limit, partly in the precipitate. 
The limiting amount of actin that can combine with myosin is reached at 
about 3 times the amount taken up at the stoichiometric point. 

The fact that actin can combine with myosin in excess of the amount at 
the stoichiometric ratio and that, under these circumstances, it is in equi- 
librium with dissociated actin points to the occurrence of a loose secondary 
type of association. This is further supported by the following experiment, 
showing dissociation of the actomyosin complex above the stoichiometric 
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point. The actomyosin precipitates were dissolved in 1.2 mM KCl and then 
diluted to the original volume and 0.13 m KCl concentration. ATP was 
added and the precipitate centrifuged. The supernatant solution showed 
the presence of actin if the original mixture contained excess actin. 
The myosin to actin ratios obtained with different batches of the pro- 
teins varied somewhat, but an average of eleven tests showed a ratio of 
approximately 4 mg. of myosin to 1 mg. of actin. The 4:1 ratio was ob- 


Fie. 1. Electrophoretic patterns with the Tiselius apparatus. Top, myosin 
solution in 0.1 ionic potassium phosphate, pH 7.05. Middle, twice concentrated 
actin solution in 0.1 ionic potassium phosphate, pH 7.69, diluted with an equal vol- 
ume of buffer. Bottom, same as above except the solution was diluted with concen- 
trated supernatant solution instead of buffer before dialysis against 0.1 ionic potas- 
sium phosphate, pH 7.69; time interval was approximately the same as that for the 
pattern above. 


tained by assuming that the actin solution was the source of the protein 
in the supernatant solution at the stoichiometric point. The amount of 
this protein present in the supernatant solution would account for about 
half of the total protein in the added actin solution. On this basis only 
about 50 per cent of the actin protein combined with myosin. It was evi- 
dent in these tests that contractility of the superprecipitate was confined 
to cases in which the ratio was near the stoichiometric point. 

Table II shows that, with increasing myosin and constant actin, part 
of the myosin added in excess of the stoichiometric point appears in the 
supernatant solution, and to a certain extent part appears in the precipi- 
tate. 


| 

| 
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An experiment, similar to that performed in the case of increasing actin- 
myosin ratios, shows the dissociation on dilution of the actomyosin pre- 
cipitate containing excess myosin. 

Protein in Supernatant Solution at Stoichiometric Point—It will be noted 
(Table I) that a rather large amount of protein which cannot be identified 
as either myosin or actin remains in solution when myosin and actin are 
precipitated at the stoichiometric ratio. Further evidence that this pro- 
tein contained neither myosin nor actin was obtained by concentrating 
the supernatant solution in vacuo to approximately the original volume of 
the actin used in the superprecipitation. Such a concentrate, containing 
0.3 per cent protein, reacted with neither actin nor myosin in the presence 
of ATP. The concentrate retained most of the pigment which gave the 
actin solution a characteristic light yellowish tint. Electrophoretic anal- 
ysis of the preparations used has substantiated the assumption that the 
protein in the supernatant solution is derived from the actin solution. The 
patterns in Fig. 1 show the myosin to be relatively pure (estimate, 98 per 
cent) but the actin to contain several fractions. The actin solution was 
concentrated to one-half volume by vacuum distillation and diluted with 
an equal volume of either salt solution or the above concentrated superna- 
tant solution. Addition of the concentrated supernatant solution to the 
actin accentuates the greater part of the electrophoretic pattern, except a 
complex showing a tall spike. This presumably represents the myosin- 
combining fraction and accounts for less than half of the total protein. 
That is, the area depicting the complex characterized by the spike, meas- 
ured on graph paper, amounts to 58 and 59 sq. mm. for actin alone and 
actin plus supernatant solution, respectively, whereas the remaining area 
covers 96 sq. mm. in the diagram for the actin solution and 157 sq. mm. in 
the diagram for the preparation of actin plus concentrated supernatant. 


DISCUSSION 


We have shown that the current idea of an unlimited variety of com- 
bination ratios of actin-myosin requires some modification. It appears 
that the actin-myosin combination may occur in several steps. The bind- 
ing brought about in the first step is rather tight; thus a stoichiometric 
point can be defined at which there is no free actin or myosin. * This 
stoichiometric point corresponds to a myosin to actin ratio of 4 mg:1 mg. 
Only that part of the “actin’’ solution is considered as actin which com- 
bines with myosin. During the preparation of this manuscript the work 
of Snellman and Erdés came to our attention (3). They reported a myo- 
sin to actin ratio of 2.5:1 for actomyosin not precipitated by ATP. How- 
ever, the basis of their calculation was the total protein content of the “‘ac- 
tin’ solution. In view of our findings that the actin solution consists of 
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several protein components, only part of which combines with myosin, the 
4:1 ratio seems more reasonable. 

The further combination of actin or myosin with the stoichiometric mix- 
ture is a looser one, since hand in hand with the increase of protein in the 
specific actomyosin precipitate, there appears an increasing amount of ac- 
tin or myosin in the supernatant. With the assumption that in the first 
step actin and myosin combine mole for mole the combination might be 
formulated as follows: 


A + M —— AM (very tight binding) 
AM + nM = AMaxz (loose) 
AM + nA == AnuM (loose) 


SUMMARY 


1. A new method of preparing actin-free myosin is described. 

2. By studying the protein content of the actomyosin superprecipitate, 
and analyzing the supernatant solution, it is shown that there is a ratio of 
actin to myosin at which neither actin nor myosin is found in the super- 
natant solution. 

3. By means of electrophoresis the myosin is shown to be 98 per cent 
pure, while “actin” consists of several components, only part of which 
combines with myosin. After subtracting from the total protein concen- 
tration of an actin solution the amount of protein that cannot combine 
with myosin, the stoichiometric myosin to actin ratio is found to be about 
4:1. 

4. Addition of excess actin or myosin to the stoichiometric mixture leads 
to the formation of dissociable actomyosins. 


The authors are indebted to Dr. H. Kahler for the electrophoretic anal- 
yses and to Mr. W. C. Alford for the nitrogen determinations. 


BIBLIOGRAPHY 


1. Szent-Gyérgyi, A., Chemistry of muscular contraction, New York (1947). 

2. Feuer, A., Molnar, F., Pettko, E., and Straub, F. B., Hungar. acta physiol., 1, 
150 (1948). 

3. Snellman, O., and Erdés, T., Biochim. et biophys. acta, 3, 523 (1949). 


INHIBITION STUDIES ON RADIOACTIVE FATTY ACID 
METABOLISM * 


By R. P. GEYER, MARY CUNNINGHAM, ano JOYCE PENDERGAST 


(From the Department of Nutrition, Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, July 31, 1950) 


Labeled carbon dioxide and acetoacetate are two of the chief products 
formed during the incubation of radioactive fatty acids with rat tissue 
slices (1, 2). The quantitative aspects of the distribution of radiocarbon 
in these products can be affected by (a) the kind of tissue, (b) the length 
of the carbon chain of the substrate, and (c) the odd or even character of 
the substrate carbon chain (1). In addition, it has been shown that the 
amount of C!4O, produced can be altered by a number of inhibitors (3). 
In the case of malonic acid, it was found that the decrease in total C!“O, 
which resulted was accompanied by an increase in the C!* content of the 
carboxy] group of the acetoacetic acid formed. This finding suggested that 
the breakdown of fatty acids to the 2-carbon fragment stage did not de- 
pend on the operation of the intact tricarboxylic acid cycle, and, further- 
more, supported the concept that the 2-carbon fragments formed were 
capable of following several different metabolic pathways. The nature of 
the data available, however, made it impossible to deduce whether one or 
both species of acetie acid radicals (CH;CO— and —CH,CO—) were 
subject to this choice of pathways. Since the degree of asymmetry in the 
labeling of the acetoacetic acid formed involves the relative numbers of 
each of these species present (4, 5), information concerning the flexibility 
of the pathway of each type of fragment can be gained by the simultaneous 
study of the respired carbon dioxide and acetoacetic acid formed in the 
presence and absence of various inhibitors. Such studies are reported 
in the present paper. The experiments involved the incubation of rat 
liver with various labeled fatty acids in the presence of various inhibitors. 
Of the latter compounds, malonic acid was studied the most intensively. 


EXPERIMENTAL 


The preparation of the fatty acids containing C'! has been described 
(1,5). The labeled substrates were used as their sodium salts at a final 
concentration of 0.001 mM, except when otherwise noted in the appropriate 


* Supported in part by grants-in-aid from The Upjohn Company, Kalamazoo, 
the Nutrition Foundation, Inc., New York, and the National Cancer Institute, 
United States Public Health Service, Bethesda, Maryland. 
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tables. Incubations for 1 hour were performed as previously described 
(5) with calcium-free Ringer-phosphate solution as the suspending medium. 
Each flask contained approximately 0.2 gm. of liver or kidney slices from 
rats of the Charles River strain. An oxygen gas phase was used. At 
the end of the experiment, the total radioactivity present in the respired 
carbon dioxide and the carbonyl and carboxy] moieties of the acetoacetic 
acid was determined (5). 


Effect of Various Inhibitors on Conversion of CH;(CH:2)sC'*OOH to CO, 


TABLE I 


and CH;C“OCH.C“OOH by Rat Liver Slices* 


1 ersion 

tration | tration | tissue | 

(A) (B) (C) (D) 
M M gm. | c.p.m.t | c.p.m.t | ¢.p.m.t | c.p.m.t | ¢.p.m.t 
None 0.001 0.2359) 9830 | 4200 | 7,770,11,970,21,800 0.82 | 0.54 
NaN; 0.0050.001 (0.2965) 7490 | 995 | 2,195 3, 190,10, 680 2.34 | 0.45 
NaF 0.005 0.001 0.3171; 2315 | 1510 | 2,700 4,210 6,525) 0.55 | 0.56 
Na2zHAsQO, 0.0050.001 (0.3242, 5680 | 4170 | 7,090.11,26016,940 0.51 | 0.59 
Iodoacetic acid) 0.050.001 0.3329, 1890 | 2340 | 4,300, 6,640 8,530 0.28 | 0.54 
None 0.001 (0.1891) 9350 | 5420 10,270,15,690.25,040, 0.60 | 0.53 
Dinitrophenol 0.005,0.001 0.1627; 4810 | 1000 | 1,430) 2,430 7,240 2.00 | 0.70 
Maleic acid 0.005 0.001 0.1883; 7660 | 6800 0.39 | 0.53 
B-lodopropi- 0.005,0.001 (0.2230; 8440 | 4325 | 7,68012,005 20,445, 0.70 | 0.56 
onic acid | 

BaCl, 0.050.0.001 (0.1742) 9250 | 2020 | 3,630) 5,650:14,900) 1.64 | 0.57 
None 0.00023,0.1739 3110 | 1390 | 2,710) 4,100) 7,210; 0.76 | 0.51 
NaNs; 0.005 0.00023 0. 1596 3850 | 630 | 1,320; 1,950) 5,800) 1.97 | 0.48 


* Each flask contained 20 ml. of calcium-free Ringer-phosphate solution at pH 


7.1. 


Incubation time, 60 minutes at 38°. 


at a substrate concentration of 0.001 Mm. 
¢ Counts per minute per gm. of dry tissue. 
scribed by Geyer et al. (5). 


Effect of Various Inhibitors on Octanoalte (—C™%OOH) Oxidation 


Actual activity per flask was 19,400 c.p.m. 


All activities determined as de- 


Experiments were performed in which one of the following compounds 
was tipped into the main chamber of the Warburg flask simultaneously 
with the carboxyl-labeled octanoic acid: dinitrophenol, sodium azide, 
B-iodopropionic acid, maleic acid, sodium arsenate, barium chloride, or 
malonic acid. Each of these compounds was present at a final concen- 
tration of 0.005 mM, except barium chloride. 


The results of some of these 


experiments with liver slices are given in Table I. 
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Effect of Malonate on Oxidation of Various Radioactive Fatty Acids 


Experiments were conducted in which malonic acid (final concentration 
0.005 M) was tipped into the main chamber of the flask together with one 
of the following carboxyl-labeled normal fatty acids: pentanoic, hexanoic, 
heptanoic, octanoic, or nonanoic. The results of some of the experiments 
carried out with liver slices are given in Table IT. 


RESULTS AND DISCUSSION 


Three of the main reactions in the aerobic metabolism of fatty acids by 
rat tissue slices are (a) the oxidation of the substrate to 2-carbon frag- 
ments, (b) the further oxidation of some of these fragments to carbon 
dioxide via the tricarboxylic acid cycle, and (c) the condensation of the 
other of the 2-carbon fragments to form acetoacetic acid. The data in 
this paper are only indirectly concerned with reaction (a), since reactions 
(b) and (c) give an indirect and probably incomplete measure of the extent 
of the conversion of the original substrate to 2-carbon fragments. 

In a previous report (5) it was shown that the formation of acetoacetic 
acid by rat liver slices was similar to that reported by Crandall and Gurin 
(4) to occur with washed liver homogenates. Both of these studies sup- 
ported the concept that fatty acids give rise to two species of 2-carbon 
fragments: those which arise from the terminal 2 carbons of the substrate 
(CH;CO—) and those from all other pairs of carbon atoms in the substrate 
chain (—CH.CO—). The conversion of the former species to the latter 
occurs to only a limited extent (6). As a result, unequal amounts of 
isotopic carbon are found in the acetone and carboxyl moieties of the aceto- 
acetic acid. Since the two species of 2-carbon fragments are therefore not 
equivalent, inhibition of reaction (b) or (c) may involve one species pref- 
erentially. Such a phenomenon should be reflected in the value of the 
C*O:C*OOH ratio of the acetoacetic acid. The extraneous 2-carbon 
fragments arising from endogenous sources should not seriously alter such 
results because it has been shown that liver slices (5) and washed liver 
homogenates (4) give comparable results. 

The data in Table | show that the inhibitors tested caused a variety 
of effects on both the distribution and total radioactivity found in’ the 
respired carbon dioxide and acetoacetate. All inhibitors except maleic 
and malonic acids (see Table IL) caused a decrease in the total amount of 
radiocarbon accounted for. The effects of the inhibitors on the production 
of COs are in agreement with those previously reported (3). [t can be 
seen that the distribution of radioactivity between the CO, and acetoacetic 
acid was usually altered in the presence of the inhibitor, whereas the 
distribution within the acetoacetic acid itself was remarkably constant. 


\ 
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Dinitrophenol caused the ratio C*O:C*OOH to increase from 0.53 to 
0.70. Such an increase could result from either a reduction in the relative 
number of CH,CO— fragments or an increase in the relative number of 
—CH,CO— fragments available for acetoacetate synthesis. The con- 
version, CH;CO— — —CH.CO—, which occurs to a limited extent in 
liver, may be increased in the presence of dinitrophenol. 

In a previous report (1), the inhibitory effect of malonate on the produc- 
tion of CQ, from radioactive fatty acids was shown to be accompanied by 
a simultaneous increase in the activity of the carboxy] group of acetoacetate. 
The data in Table II show that the activity of the acetone moiety of this 
keto acid was also increased, and, as a result, the total C!* accounted for 
was greater in the presence of malonate than in its absence. Two situ- 
ations would explain the increased amount of C'‘ accounted for in the pres- 
ence of malonic acid: (1) more substrate was oxidized to 2-carbon fragments 
than occurs normally, or (2) the normal amount of substrate was oxidized, 
but C4 which normally was present in various intermediates was diverted 
to acetoacetate production. The latter possibility seems more likely. 

The increase in activity in each of the positions of the acetoacetic acid 
in the presence of malonate was approximately equal to the decrease in 
C'40,. Furthermore, the value of the C*O:C*OOH ratio of the aceto- 
acetate was increased above normal in all cases in which malonate was 
present. The nature of this increase was, however, different for the odd 
and even numbered acids, since the value of this ratio for the additional 
acetoacetate formed was about 0.61 for pentanoic and heptanoic acids, 
0.78 for nonanoie acid, and about 1.00 for hexanoic and octanoic acids. 
The increase in the value of this ratio probably results from an increase 
in the supply of —CH.CO— fragments and not in a decrease in the supply 
of CH;CO— groups. The data strongly suggest that the —CH,CO— 
type of fragment is the one which enters the tricarboxylic acid cycle and 
is oxidized to carbon dioxide. Malonate blocks this pathway without 
interfering in any way with the oxidation of the substrates to the 2-carbon 
fragment stage. As a result, the —-CH,CO— fragments which normally 
are oxidized to carbon dioxide are available for acetoacetate formation and 
decrease the influence of the terminal CH,;CO— groups. The data also 
support the concept that CH,CO— fragments can enter the tricarboxylic 
acid cycle only after conversion to the —CHL.CO— type. 

As pointed out previously (5), the odd numbered acids behave as the 
even numbered ones from the standpoimt of the increasing value of the 
C*O:C*OOH ratio which occurs with increasing length of the carbon 
chain. Final proof of the participation of the terminal CH,CH,CO— 
fragments from the odd numbered acids in this phenomenon will be known 
only when the properly labeled substrates are employed. However, it 
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can be tentatively assumed that some of these fragments are converted 
to CH;CO— groups; otherwise acetoacetic acid with a C*O:C*OOH ratio 
of 1.0 would result. In the presence of malonic acid, the two types of 2- 
carbon fragments available for acetoacetate formation are disproportion- 
ately increased, since the CO: COOH ratio of the additional acetoacetate 
has a ratio of 0.61 instead of 1.0 when pentanoic and heptanoic acids were 
used. This would reflect an effect of the malonic acid on the over-all 
metabolism of the CH;CH.CO— fragments in contrast to an apparent lack 
of an effect on the metabolism of CH;CO— fragments. 

The cause for the decrease in acetoacetic production in the case of the 
odd numbered acids may be (1) the CH;CH,CO— groups interfere with 
acetoacetate production, and, (2) since the rate of fatty acid metabolism 
is fairly constant, the odd numbered acids form fewer 2-carbon fragments 
per molecule of acid per unit time. The normal number of fragments 
enters the tricarboxylic acid cycle, which leaves fewer to be condensed to 
acetoacetate. Since the number of —CH.,C*O— fragments relative to 
the —CH,CO— groups are greater per molecule of odd numbered acid, 
more C!4Q, is formed than in the case of the even numbered acids. 

Weinhause et al. (2) reported that, although malonic acid caused a 
reduction in C'40, production from octanoic acid, acetoacetic acid pro- 
duction was completely blocked. A 0.01 m concentration of malonate was 
used in their experiments, whereas 0.005 mM was used in the present ex- 
periments. Several experiments have also been performed in which 0.000 
M, 0.005 m, 0.010 m, and 0.020 m malonate concentrations were employed. 
The conversion of carboxyl-labeled octanoic acid to C'*O, was 6480, 2970, 
1910, and 1380 c.p.m. per gm. of dry liver, respectively, at these concen- 
trations of malonate. Simultaneously, the total conversion to aceto- 
acetate was 10,530, 18,480, 25,390, and 28,900 c.p.m. per gm. of dry tissue, 
respectively. Thus differences in malonate concentration do not explain 
the differences between the two sets of results. Three different strains of 
rats have also been studied in this laboratory and the liver from all strains 
showed the same action of malonate as reported in this paper. The 
Charles River! (formerly Wistar), Sprague-Dawley,' and Harvard? (for- 
merly Sprague-Dawley) strains were used. Further studies are needed 
to clarify the differences between the results of Weinhouse et al. (2) and 
those reported from this laboratory. 


SUMMARY 


1. The effects of a number of inhibitors have been tested on the forma- 
tion of and from carboxyl-labeled octanoic 


' Charles River Breeding Laboratory, 77 Leverett Street, Boaton, Masmachunetta, 
* Department of Biology, Harvard University, Cambridge, 
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acid by rat liver slices. All inhibitors except maleic and malonic acids 
caused a reduction in the total C'* accounted for in these products. Aceto- 
acetate formation was usually inhibited to a greater extent than CO, 
production, but the C'4O:C™“OOH ratio of the acetoacetate was usually 
normal. 

2. Malonic acid caused a reduction in C!*O, and an increase in the 
radioactivity of both the carbonyl and carboxyl groups of acetoacetic 
acid. The additional acetoacetate formed from hexanoic and octanoic 
acids had a C*O:C*OOH ratio of 1.0 and that formed from pentanoic 
and heptanoic acids had a ratio of 0.61. 

3. The results are discussed from the standpoint of CH;CO— and 
—CH,CO— fragments. The evidence presented supports the concept that 
only in the latter form can 2-carbon fragments enter the tricarboxylic 
acid cycle. 
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Current concepts of the hepatic mechanism for urea formation rest 
largely upon studies performed with various types of liver preparations 
in vitro. Further, in most such studies, ammonia rather than amino 
acids has been used as the urea precursor. The present studies were 
designed to determine the maximum rate at which the dog can utilize the 
nitrogen of L-amino acids for urea synthesis in order to ascertain whether 
the mechanisms known to be available to the liver in vitro are the effective 
operating mechanisms in vivo. 

The attainment of a maximum rate of urea synthesis can be interpreted 
in two ways: (1) the limiting enzyme system has been saturated, or (2) 
the rate of entry of the amino acid into liver cells has become limiting. 
It was, therefore, also necessary to determine the extent of cellular per- 
meability to the amino acids used. 


EXPERIMENTAL 


The techniques used have been previously reported in detail (2). Fe- 
male mongrel dogs, maintained on a stock diet and fasted for 18 to 24 
hours before experiment, were anesthetized with sodium pentobarbital, 
the anesthesia being maintained on a light plane. They were cathe- 
terized, and blood and urine samples were collected periodically through- 
out the experiment. After a control period, during which the dogs re- 
ceived either no fluid or 0.50 per cent NaCl to establish diuresis, the amino 
acid infusion was begun and maintained at a constant rate. Urea pro- 
duction was calculated as the sum of urinary urea excretion and urea 
accumulation in body water. Urea formation usually reached a maxi- 
mum rate within less than 1 hour. However, amino acid infusions were 
generally continued for 2 to 4 hours. 

In order to obtain maximum rates of urea production, the amino acid 


*A preliminary report of these experiments has been presented (1). 
+t Postdoctorate Fellow, National Institutes of Health, United States Public Health 
Service, 
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needs to be infused at a rate only slightly higher than the expected rate 
of urea production. However, in most cases, the infusion rate used was 
considerably higher; thus sufficiently high plasma and tissue levels could 
be reached to obtain adequate data on cellular permeability. The rates 
of infusion varied from 0.5 to 4.0 mg. of a-amino nitrogen per kilo per 
minute. 

In the case of basic amino acids, available as their hydrochlorides, and 
the acidic amino acids, it was necessary to modify the solutions by the 
addition of sodium bicarbonate to prevent marked disturbances in the 
acid-base balance. ‘These disturbances are the resultant of two factors: 
(1) the effect of residual HCl or NaHCO; after the amino acid has been 
metabolized, and (2) the direct diminution or augmentation of plasma 
bicarbonate by the amino. acid solution itself. Thus, the proportion of 
amino acid which must be neutralized varies with the rate of infusion in 
the case of arginine, which is rapidly metabolized, but not in the case of 
glutamic and aspartic acids, which form urea slowly. In the latter two, 
90 per cent neutralization was found to givé minimum disturbances at 
widely varying rates of infusion. Limitations of solubility of amino acids 
presented an additional problem. Because of these complexities, the 
composition of each of the individual amino acid solutions was determined 
empirically. Fortunately, rather wide variations of rates of urine flow 
and plasma bicarbonate levels were found to have no significant effect 
upon the rate of urea formation. 

Volumes of tissue extracellular fluid were obtained by using both the 
thiocyanate technique, as previously reported (2), and the chloride tech- 
nique, with results essentially in agreement. In the latter case, tissue 
chlorides were determined upon tungstate tissue filtrates, by the analytical 
method of Van Slyke and Hiller (3). If the volume of the tissue extra- 
cellular fluid is known, the intracellular volume can be calculated and, by 
correcting the total tissue amino acid concentration for the amount of 
amino acid in the tissue’s extracellular fluid, the intracellular amino acid 
concentration is calculated. 

For tissue analyses, the dogs were sacrificed by rapid intracardiac in- 
jection of 150 mg. of sodium pentobarbital, and the tissues frozen in dry 
ice-acetone when immediate deproteinization was not feasible. Tungstate 
filtrates were prepared by mincing the tissue in a Waring blendor with 
9 volumes of 1 per cent tungstic acid, followed by centrifugation in the 
refrigerated centrifuge and filtration of the supernatant. Late in the 
course of this work, the paper of Schurr, Thompson, Henderson, and 
Elvehjem (4) appeared, calling attention to the proteolysis which con- 
tinues even after the addition of tungstate to liver. With the present 
technique, however, when amino acids are infused, the amount of pro- 
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teolysis is not sufficient to affect the significance of the results reported. 
However, such proteolysis may well explain the wide range in concentra- 
tions of liver amino acid previously reported (2) in rats receiving no amino 
acid. 

Plasma and urine urea and ammonia N were determined by a modified 
Conway technique (5). When glutamine was infused, plasma and urine 
urea N were determined by the manometric urease method (6), which 
depends upon the measurement of carbon dioxide rather than ammonia. 
In these dogs, urinary ammonia was corrected for the spontaneous de- 
composition of glutamine in the course of the Conway determination, 
which was found in separate experiments to be between 4 and 6 per cent 
of the glutamine amide N present for a diffusion period of 23 hours at 
room temperature. Glutamine was determined as NH;-N appearing after 
75 minutes of hydrolysis at 70° in 10 per cent trichloroacetic acid, accord- 
ing to the method of Harris (7). Except for alanine and glutamine, tissue 
amino acids and final plasma amino acids were determined by specific 
microbiological techniques (8, 9). Ornithine and citrulline were found 
not to interfere with the determination of arginine with Streptococcus 
faecalis by the method of Stokes e¢ al. (8). Except for the final samples, 
plasma amino acids were determined by the manometric ninhydrin method 
(10). 


Results 


Permeability—The results of the permeability studies are summarized 
in Table I. For convenience all data are expressed as the increments in 
a-amino nitrogen per 100 mg. of tissue at the time of sacrifice and the 
corresponding plasma concentrations are presented for comparison. 

Except for the dicarboxylic amino acids and possibly arginine, the 
amino acids tested behaved in similar fashion. While liver cells appeared 
to equilibrate with the surrounding extracellular fluid, muscle cells failed 
to equilibrate so, but did permit a limited net transfer of a-amino N. Kid- 
ney ceils, however, presumably in accordance with their reabsorptive 
function, frequently showed an intracellular increment in concentration 
greater than that in the corresponding plasma. This was similar to the 
pattern indicated for glycine and casein hydrolysate by Van Slyke and 
Meyer (11) and for various amino acids in rats by Friedberg and Green- 
berg (12); both groups, however, presented data for whole tissues rather 
than cells. Small but significant amounts of amino acids appeared in 
the cerebrospinal fluid and brain. 

In contrast to glutamine, to which tissue cells are readily permeable, 
glutamic and aspartic acids appear to enter kidney cells only. No intra- 
cellular increments of the dicarboxylic amino acids were found in liver, 
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muscle, cerebrospinal fluid, or brain. <A preliminary report of these find- 
ings has been presented (13). Data on tissue uptake of glutamic acid, 
previously reported by Friedberg and Greenberg (12) and Waelsch (14), 
therefore, represent equilibration of that amino acid between plasma and 
tissue extracellular fluid rather than true uptake by cells. However, the 


TABLE I 


Permeability of Tissue Cells to Amino Acids 
Increment over control, mg. of a-amino N per 100 gm. of plasma or cells. 


Experi- Cerebro- 
Amino acids ment | Plasma | Liver | Kidney Muscle spinal Brain 
No. Auid 
L-Glutamic acid 49 50 0 
52 38 4 
53 70 0 
61 32 11 0 0) 
62 84 0 0 0 
| 219 15 0 
220 26 40 
L-Aspartic ‘ | 86 40 0 66 0 0 0) 
| 69 38 0 0 
70 42 18 0 0 
55 0 0 
L-Glutamine 74 28 27 0.5 0 
| 75 68 66 7.3 34 
L-Alanine | 85 86 72 91 10 
Glycine | 5 | 133 | 136 | 136 | 52 
| 7 89 147 126 27 
s 52 61 17 25 
L-Methionine | 87 21 19 30 14 0.55 4.9 
88 24 30 17 0.39 3.1 
L-Histidine | 80 81 56 10 8 
ae 70 60 12 10 
L-Lysine a 100 | 106 | 151 0 2.7 4.1 
84 72 66 173 1.8 1.8 12.7 
L-Arginine 78 30 <0 8 2.1 
79 35 <0 17 1.8 


| 


failure of the brain to accumulate glutamic acid, as reported by Waelsch 
(14), is not necessarily a reflection of impermeability of brain cells, since 
the apparent impermeability of the blood-brain barrier to glutamic acid, 
as indicated by failure to detect this material in cerebrospinal fluid, could 
easily be the determining factor. The failure of glutamate and aspartate 
to penetrate the blood-brain barrier, in contrast to the passage of lysine, 
is in agreement with the frequently noted behavior of negatively and 
positively charged dyes (15). 
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[t should be noted that Stern, Eggleston, Hems, and Krebs (16) found 
that brain slices, 7n vitro, accumulated both glutamic acid and glutamine 
when immersed in a medium containing the respective amino acid plus 
an energy source (glucose, lactate, pyruvate). Liver slices, in contrast, 
did not accumulate glutamic acid, although a net disappearance of that 
amino acid from the medium occurred. These findings are consistent 
with the data reported. 

The true permeability of liver cells to arginine is in doubt. After the 
infusion of large amounts of arginine, and rapid removal and deproteini- 
zation of the liver, the amount of arginine found by microbiological assay 
(S) indicates that not only is there no arginine in the cells, but that the 
arginine which would have been expected in the extracellular fluid of the 


TaBLeE II 
Permeability of Liver Cells to Arginine 


The term ‘‘arginine a-amino N”’ denotes microbiological analysis. The term 
“v-amino N’’ denotes manometric ninhydrin analysis. All values as mg. per 100 
ml. or 100 gm. 


Experiment Whole liver | Whole liver arginine 

No. a-amino N| arginine | a-amino N | @f8inine_ | a-amino N 


a-amino N content* 


— 


78 30 30 123 <1 9.0 0 115 
79 43 39 85 <1 11.2 0 38 


* Calculated on the assumption that liver extracellular fluid arginine = plasma 
arginine, and arginine content of cells = 0. 


liver has substantially disappeared. However, large quantities of non- 
arginine a-amino N, which we have presumed to be ornithine, were found 
in these livers. Typical data are recorded in Table II. 

Edlbacher and Rothler (17) reported a Qurea (calculated by Krebs and 
Henseleit (18)) from arginine in rat liver slices which, if extrapolated to 
the present experiment, would be sufficiently high to account for post- 
mortem disappearance of the arginine expected in the liver. These data, 
as well as the large quantity of non-arginine a-amino N found in livers 
of dogs receiving arginine, suggest that the failure to find arginine in 
hepatic cells is due to postmortem disappearance rather than limited 
permeability. It should be noted that, barring hydrolytic deamination 
or decarboxylation as significant hepatic metabolic pathways for amino 
acids and with the exception of the hydrolysis of glutamine, arginine is 
the only amino acid which can disappear rapidly in the anaerobic liver 
post mortem, since its hydrolysis by arginase requires neither oxygen nor 
energy. The comparatively negligible postmortem hydrolysis of gluta- 
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mine found in this study is in accord with the fact that the arginase activity 
of liver is many times its glutaminase activity. This situation probably 
accounts for the unique failure to find arginine in the intra- and extracel- 
lular fluids of the liver. When considered with the free permeability of 
lysine and histidine and the rapid rate of urea synthesis from arginine 


TABLE III 
Mazimum Rates of Urea Production from Amino Acids 
Amino acid No. of dogs Urea production 
mg. N per kg. 
per min, 
Casein hydrolysatef......................... 13 1.8 
‘¢ + casein hydrolysate............. 2 2.5 
L-Arginine + 3 3.5 


* The authors are indebted to Dr. Jesse P. Greenstein for generous gifts of these 
amino acids. 

t Amigen, Mead Johnson and Company, Evansville, Indiana. This prepara- 
tion, a 10 per cent solution, contained no glutamine, 4 mg. per ml. of arginine, and 
0.67 mg. per ml. of ammonia N. At infusion rates sufficient to cause maximum 
urea production from amigen, the arginine amidine N + ammonia N present, if 
completely utilized, could account for not more than 10 to 15 per cent of the total 
urea formed. 


(see below), it seems extremely unlikely that the permeability of liver 
cells to arginine operates as a limiting factor in the rate of hepatic arginine 
metabolism. This view, with full realization of its limitations, will be 
adopted in the subsequent discussion of the significance of the rates of 
urea formation reported. 

Urea Formation—The maximum rates of urea production in dogs re- 


if 
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ceiving various amino acid infusions are indicated in Table III. All 
values have been corrected for the urea production of the control dogs 
which were subjected to diuresis alone (2). 


DISCUSSION 


The over-all process of urea synthesis may be considered as a succession 
of two (possibly interlinked) processes: (1) the process of removing nitro- 
gen from the amino acid, and (2) the process of synthesizing urea from 
that nitrogen by means of the Krebs-Henseleit mechanism, or other 

TABLE IV 
Relative Rates of Deamination or Urea Production from L-Amino Acids in 
Various Systems 


The numbers indicate order of rates; 7.e.,3 > 2 > 1. The figures in parentheses 
refer to the bibliographic references. 


Urea . Ophio-t- Rat liver 

in dogs (20) (22) 
Glutamic acid....... 3 0 0 1 
5 0 2 2 7 
6 0 0 0 
7 4 6 6 2 


mechanisms. The rates of either of these processes may be limiting in 
the over-all rate of urea production. In these experiments, the rate of 
urea formation from arginine was greater than that from any amino acid 
except glutamine. Since no free ammonia accumulated during the course 
of these experiments, it may be possible that step (1) was limiting. In 
view of this, it is of interest to compare the rates of urea formation found 
in this study with deamination systems studied by the other workers. 
Systems for the deamination of the naturally occurring amino acids, 
previously described, have included the L-amino acid oxidase of Proteus 
vulgaris (19), the ophio-L-amino acid oxidase of snake venoms and tissue 
(20), and the L-amino acid oxidase of rat liver and kidney of Blanchard 
et al. (21). The relative rates of deamination or urea formation from 
L-amino acids in the various systems, based on data obtained from the 
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above publications, are compared to the relative rates found in the present 
study in ‘Table IV. Arginine and glutamine have been omitted from 
‘Table LV, since, certainly in the case of arginine, and probably in the case 
of glutamine, the a-amino group is not the chief precursor of the urea 
formed. 

Inspection of Table IV indicates significant differences in the relative 
rates of breakdown in various systems in vitro from our observed rates 
invivo. These differences suggest that the actual operative “deamination” 
mechanism is not identical with any of the mechanisms previously studied, 
and that the nature of this mechanism still requires elucidation. Whether 
this deamination mechanism requires the postulation of ammonia as an 
obligatory intermediate is problematical; certain preliminary experiments 
in this laboratory tend to suggest that it may not be. A synthetic mix- 
ture of DL-amino acids! was found to be uniformly lethal within 1 hour 
when administered at rates equivalent to those at which casein hydroly- 
sate had been administered. In these dogs, levels of plasma NH;-N of 
about 3 to 4 mg. per cent have been found shortly before death. This is 
in contrast to the relative lack of toxicity of casein hydrolysate and our 
failure to obtain significant increases in levels of plasma NH;-N in these 
dogs. Since ammonia is known to be a product of amino acid oxidation 
by D-amino acid oxidase, this finding suggests that ammonia is an inter- 
mediate in the metabolism of p- but not of L-amino acids. 

The data of Krebs (22) on urea production, also presented in Table IV, 
are worthy of note; L-alanine, of the amino acids tested, caused the forma- 
tion of the greatest amount of urea, in contrast to its low activity in vivo. 
However, Krebs’ data must be interpreted with caution, since, under his 
experimental conditions, energy sources for the endergonic process of urea 
synthesis appear to have been limiting, as evidenced by the marked in- 
crease in urea formation from ammonia which Krebs obtained upon addi- 
tion of lactate or pyruvate. Therefore, the amount of urea formed from 
amino acids in Krebs’ experiments may well have been, in part, a reflection 
of the availability of the carbon skeleton as an energy source. 

Although many metabolic pathways are available to the dicarboxylic 
amino acids, including an active L-glutamic acid oxidase (23-25), their net 
metabolism was found to be quite low zn vivo, probably as a consequence to 
the limited permeability of liver cells. Krebs (22) in studies zn vitro also 
found low urea production from glutamic and aspartic acids. In the present 
studies, not only was little urea formed, but, at the end of the experiments, 


1 Consisting of the following pL-amino acids, as gm. per 100 ml.: alanine 1.1, leucine 
0.42, isoleucine 1.0, valine 1.0, methionine 1.3, serine 0.22, tryptophan 0.25, threonine 
0.22, phenylalanine 0.50. With this mixture, urea formation rose and then fell to 
zero. No reliable urea production rates were obtained. 
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virtually all of the infused amino acid could be accounted for on the basis of 
renal excretion, accumulation in extracellular fluid, and urea formation, 
indicating a limited net metabolism for the infused glutamic and aspartic 
acids. ‘The limited activity of L-alanine in urea formation could not, how- 
ever, be explained on the basis of limited permeability. Of interest is the 
marked discrepancy in urea production from L- and pL-alanine. This find- 
ing emphasizes the danger of using racemic forms of amino acids in experi- 
ments and considering the results to be applicable to the metabolism of the 
naturally occurring isomer. This discrepancy is not marked in the case of 
leucine, in which the rate of urea formation from the D isomer, although 
somewhat lower, is of the same order of magnitude as the rate of urea for- 
mation from t-leucine. The relationship found between the activities of 
the p and t forms of alanine and leucine is the reverse of the relationship 
found by Krebs (22) 2n vitro. The latter found L-alanine to cause greater 
urea formation than the p form, and a greater activity for p- than for L-leu- 
cine. 

In seeking mechanisms for synthesis of urea from the nitrogen removed 
from amino acids, it is necessary to examine data from those amino acids 
or combinations from which urea can be formed at rates equal to or greater 
than the rate of urea synthesis from arginine. Of the single amino acids 
tested, arginine and glutamine gave by far the greatest rates of urea for- 
mation, the former equaling and the latter exceeding the rate obtained 
upon infusion of an enzymatic casein hydrolysate. The réle of arginine 
in urea formation is well known; the high rate of urea formation from glu- 
tamine augments the data of Leuthardt and Glasson (26), Bach (27), and 
Bernheim and Bernheim (28), all of which have been suggestive of a direct 
role for glutamine in urea synthesis. The possible participation of gluta- 
mine in urea formation has been reviewed by Archibald (29), although no 
intermediate compounds or mechanisms have been proposed. The ex- 
periments in which casein hydrolysate plus arginine, casein hydrolysate 
plus glutamine, or arginine plus glutamine were infused were designed to 
determine whether some mechanism of urea formation, by-passing arginase, 
is operative. If, at rates of arginine infusion leading to maximum rates or 
urea production, one assumes arginase to be saturated, the marked increase 
in urea production upon adding either casein hydrolysate or glutamine 
strongly suggests the presence of a urea-forming mechanism which does 
not utilize arginase. The fact that urea production from glutamine plus 
casein hydrolysate (as contrasted with glutamine plus arginine) was not 
greater than that from glutamine alone indicates that, when the glutamine- 
handling mechanism is saturated, additional urea cannot be formed from 
other amino acids in casein hydrolysate. This, in turn, suggests that the 
postulated by-pass around the Krebs-Henseleit cycle serves not only to 
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handle glutamine nitrogen, but the bulk of the nitrogen of amino acids of 
protein hydrolysate as well. Since glutamine can saturate this mechanism, 
it may be possible that this amide, or a derivative thereof, may actually 
constitute a common intermediate through which the nitrogen of amino 
acids may be transferred to urea, 

Glutamine may then occupy a central metabolic réle in nitrogen meta- 
bolism, with its amide nitrogen readily available for amino acid or peptide 
synthesis on the one hand, or may serve simply as an intermediate in urea 
synthesis on the other. The latter step is in entire accord with the present, 
study, while the former is suggested by the repeated finding of Schoen- 
heimer and his collaborators (30) that protein amide nitrogen turns over 
exceedingly rapidly. In view of the relatively high concentration of non- 
protein glutamine in liver (of the order 50 to 100 mg. per cent), it is quite 
likely that this fraction could actually constitute the active glutamine 
‘pool,’ and the true turnover of this compound could then be even higher 
than that indicated by the Columbia investigators. The evidence for this 
central réle for glutamine would be strong if liver were found to possess an 
enzymatic system for exchanging glutamine amide nitrogen, similar to that 
observed by Waelsch and his collaborators (31) in P. vulgaris. 

There can be no doubt that the Krebs-Henseleit mechanism exists, and 
recent publications of Cohen and Grisolia (32) and Ratner and Pappas (33) 
have greatly elucidated the mechanisms whereby this cycle operates. It 
must be borne in mind, however, that this cycle has been demonstrated 
in vitro as a mechanism for producing urea from ammonia as the ultimate 


nitrogen source, and that the mechanism of urea production from amino — 


acids could conceivably be different (26, 28). Although the rate of urea 
production from ammonia? was not established with certainty, there is no 
doubt that it is quite high, probably higher than the rate of urea synthesis 
from arginine. This finding suggests that ammonia, as well as amino acids, 
may be handled by both the ornithine cycle and the hypothetical gluta- 
mine mechanism. This conclusion is in accord with the data of Trowell 
(34), who found that arginine plus ammonia often produced higher rates 
of urea formation in perfused rat livers than did arginine alone. 

As previously mentioned, the conclusions drawn as to mechanisms of 
urea formation from the experiments reported herein are based upon the 
supposition that arginase was saturated when urea production from arginine 


2 Ammonia was administered as 10 per cent ammonium chloride through a needle 
inserted into the ileum of laparotomized dogs. The solution was given at the rate 
of approximately 4 mg. of N per kilo per minute. An amount of sodium bicarbonate, 
equivalent to two-thirds of the ammonium chloride given, was administered simul- 
taneously by continuous intravenous infusion. This infusion was lethal, usually 
within } hour to 45 minutes; for this reason, urea formation rates are only approxi- 
mate and it is not certain that maximum rates were attained. 
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was maximum. This assumption is believed probable, but has not been 
unequivocally established. Should this assumption be proved false, an 
alternative hypothesis would have to be adopted. If the limiting factor in 
urea production from arginine, under the conditions of these experiments, is 
cellular permeability rather than arginase activity, it is then conceivable 
that the reason for the higher rate of urea synthesis from glutamine than 
from arginine could be a reflection of the greater cellular permeability to 
the former amino acid, The extra urea formed from glutamine plus argin- 
ine, and from casein hydrolysate plus arginine, over that formed from the 
components separately could then also be explained on the basis of cellu- 
lar permeability. Since cells appear to be freely permeable to both gluta- 
mine and casein hydrolysate, no increase in urea production would be ex- 
pected when these substances are combined. This alternative hypothesis 
would leave us with no satisfactory explanation for the réle of glutamine in 
urea formation, other than possibly as a mechanism for the temporary 
transport or “‘storage’’ of otherwise toxic ammonia. 

Experiments tracing the path of N!® from amino acids, ammonia, and 
glutamine to urea, as well as non-isotopic studies of urea synthesis from 
amino acids in vitro, are in progress in this laboratory, and it is hoped that 
these will provide more unequivocal data. 


Addendum—After this paper was submitted, the report of Hirs and Rittenberg 
(35) appeared, dealing with the study of urea synthesis in liver slices with N'5. The 
data of these workers, indicating that the nitrogen of glutamic and aspartic acids, 
alanine, and glycine can form urea without equilibrating with free ammonia, are in 
entire accord with the authors’ interpretation of the present findings. However, 
the data which suggest that glutamine serves as a precursor for urea only in so far 
as its amide nitrogen is converted to ammonia are not compatible with the hypothe- 
sis that glutamine may serve as a direct precursor of urea. Hirs and Rittenberg, in 
discussing certain discrepancies between their findings and those of Ratner and 
Pappas (33), have suggested that studies involving relatively purified systems may 
indicate the existence of pathways which actually have far less quantitative signifi- 
cance in cruder systems. It is possible that such a situation may account for the 
differences between the in vivo findings reported herein and the results of Hirs and 
Rittenberg; it is hoped that the in vivo isotopic studies previously mentioned, in 
progress at this laboratory, may help resolve this discrepancy. 


This study was supported by grants from the Division of Research Grants 
and Fellowships, United States Public Health Service. The authors also 
wish to thank Miss Irene M. Palatine and Miss Mildred Koon for their 
technical assistance. 


SUMMARY 


1. The maximum rates of urea production from various amino acids, 
and combinations thereof, in the dog have been determined by a continu- 
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ous infusion technique and cellular permeability to these amino acids has 
been studied. 

2. Most of the amino acids tested enter liver cells freely and skeletal mus- 
cle cells to a smaller extent. In many cases, amino acid accumulation in the 
kidney cells is greater than that in plasma. Small but significant incre- 
ments are found in cerebrospinal fluid and brain. 

3. Glutamic and aspartic acids, in contrast to glutamine, do not enter 
liver and muscle cells, cerebrospinal fluid, or brain. Kidney cells appear 
freely permeable. 

4. Considerably more urea is formed from p-alanine than from L-alanine; 
somewhat smaller quantities of urea are formed from p-leucine than from 
L-leucine. 

5, Of the single amino acids tested, the greatest rates of urea formation 
followed the infusion of arginine and glutamine, the former equaling and 
the latter exceeding the rate of urea formation from casein hydrolysate. 
The rate of urea production from ammonia is probably higher than that 
from arginine. The relative rates of urea formation from various amino 
acids did not correspond with the rates of deamination of or urea forma- 
tion from amino acids in systems in vitro studied by other workers. 

6. When urea formation from arginine was proceeding at a maximum 
rate, the addition of casein hydrolysate or glutamine caused a marked in- 
crease in the rate of urea formation over that found for any of these three 
substances when tested singly. 

_ 7. The combination of casein hydrolysate and glutamine failed to pro- 
duce an increase in the rate of urea production greater than when either 
was tested separately. 

8. The implications of these findings on the possible réle of glutamine in 
urea synthesis are discussed. 
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ON THE UTILIZATION OF PURINES AND THEIR 
RIBOSE DERIVATIVES BY YEAST* 
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Yeast has long been used for the study of processes fundamental to 
living cells, including the metabolism of nucleic acid (1-3). Advantages 
in the use of this system for an investigation of the precursors of nucleic 
acid, or the pathways used in its biosynthesis, include the ease of control 
of the nutrient medium, the rapidity of growth, and the fact that a single 
cell type results. 

This paper deals with the incorporation of the purines adenine and 
guanine into the ribonucleic acid (RNA) of rapidly growing yeast when 
offered as radioactive carbon-labeled purines, their nucleosides, or nucleo- 
tides. 

When synthetic adenine, labeled with C™ in position 8, was offered to 
growing yeast, the purine was found to be almost completely utilized in 
the formation of RNA adenine and guanine. The preparation of adenine 
and guanine nucleotides labeled in the purine ring with isotopic carbon 
was therefore possible through the biosynthesis of RNA by yeast, and the 
problem became chiefly one of isolating the nucleotides. From these the 
corresponding nucleosides were made by enzymatic dephosphorylation, and 
the utilization of these purine derivatives by yeast was also studied. 


EXPERIMENTAL 


Preparation of Labeled Purine Nucleotides—To 500 ml. of sterile nu- 
trient solution (4) were added 36 um of adenine labeled! with C" at posi- 
tion 8 (5) and about 200 mg. of freshly grown yeast (Torulopsis utilis). 
The mixture was placed in sterile test-tubes (10 ml. per tube) and shaken 
for 16 hours (4), with resulting abundant growth. 


* Aided by grants from the Nutrition Foundation, Inc., the National Cancer In- 
stitute of the United States Public Health Service, jointly from the Office of Naval 
Research and the Atomic Energy Commission, contract N6-ori-99, task order 1, and 
from the James Foundation of New York, Inc. 

t Senior Fellow of the United States Health Service. 

1 We are indebted to Dr. M. FE. Balis for the synthesis of the labeled adenine and 
guanine used in these experiments. 

? The cultures were obtained through the courtesy of Dr. A. S. Schultz of The 
Fleischmann Laboratories. 
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The yeast was harvested by centrifugation and washed three times with 
iced 5 per cent trichloroacetic acid in order to remove acid-soluble nucleo- 
tides and any adherent adenine. The residue was washed once with al- 
cohol, three times with a hot mixture (3:1) of alcohol and ether to remove 
lipides, and finally with ether. The yield of the air-dried product was 
4.65 gm. Analysis showed this to contain adenylic acid 25.9, guanylic 
acid 36.3, cytidylic acid 25.7, and uridylic acid 41.2 um per gm.’ 

The dried yeast residue was incubated at 37° for 18 hours with 80 ml. 
of 0.3 n NaOH to split RNA to mononucleotides.4| The alkali was then 
removed by addition of cation exchange resin (Amberlite IR-120) until 
the pH approximated 5, at which point the major part of the yeast pro- 
tein and desoxynucleoprotein separated as a flocculent precipitate.’ This 
was removed together with the resin and washed by centrifugation. The 
supernatant and washings were transferred to a 40 ml. bed of anion ex- 
change resin (Dowex-1, chloride form) and washed overnight with water. 
The mononucleotides were then eluted separately from the column with 
HCI of increasing concentrations (0.002 n for cytidylic and adenylic acids, 
0.003 n for uridylic acid, and 0.005 n for guanylic acid) as described by 
Cohn (9), and 1 hour fractions were obtained with an automatic fraction 
collector. 

The nucleotides in the dilute eluates were reabsorbed from slightly alka- 
line solution on small columns (3 ml. bed) of Dowex-1, then eluted with 20 
ml. of Nn HCl in the cold room. ‘These solutions were immediately neu- 
tralized, sampled for activity measurement, and shell-frozen for storage. 
90 um of the mixed adenylic acids (a and b) (9) were obtained (75 per cent 
yield). The yield of guanylic acid was only 38.5 um, over half having been 
lost through no fault of the method. 

Preparation of Labeled Adenosine and Guanosine—-Portions of the C™- 
labeled adenylic and guanylic acids were dephosphorylated by means of 
the acid phosphatase of hypertrophic prostate tissue (10). The nucleotide 
solution was adjusted to pH 5.1, 0.1 ml. of the enzyme solution (equivalent 
to 0.01 gm. of prostate) was added, and the mixture was incubated until 
dephosphorylation (measured on a parallel experiment with unlabeled nu- 
cleotide) was nearly complete. 


3 The analysis was accomplished by a method which combines the procedures of 
Schmidt and Thannhauser (6) for the separation of RNA and DNA (desoxyribo- 
nucleic acid), with that of Kerr, Seraidarian, and Wargon (7) for the analysis of RNA. 
Loring (8) recently presented a scheme for tissue analysis essentially identical with 
that which we have been using. 

4 In subsequent experiments we noted that the hydrolysis of RNA was incomplete 
under these conditions. Either a longer period of incubation or stronger alkali is 
required. Since the alkali must later be removed with resin, minimum amounts 
were used. 

5D. H. Marrian, unpublished observation. 
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Adenosine was precipitated as the picrate from the chilled hydrolysate 
of adenylic acid by a cold alcoholic solution of picric acid. The washed 
precipitate was dissolved in boiling water and the picrate was removed by 
stirring with a few mg. of Dowex-1,° after which the colorless adenosine 
solution was neutralized, sampled for analysis, and then evaporated to dry- 
ness in vacuo over H:SQ, Determinations of adenine (spectrophoto- 
metrically), ribose (11), and total phosphate (12) showed the following: 
adenine 3.36 uM, ribose 3.20 um per ml., phosphate none. 

Guanosine—After dephosphorylation of guanylic acid with acid phos- 
phatase, the slightly acid reaction mixture was filtered through a small bed 
of Dowex-1, which retained the liberated inorganic phosphate as well as 
unsplit nucleotide, and the column was washed with about 25 ml. of water. 
On washing a portion of the filtrate no phosphate was found. The filtrate 
was evaporated in vacuo to a small volume. Crystalline guanosine sepa- 
rated on chilling. Analysis showed that the crystalline material contained 
equimolar amounts of guanine and ribose. 

Utilization of Adenine and Guanine, Their Nucleosides, and Nucleotides 
by Yeast—Each of these substances, labeled with C', was added to a sepa- 

ate 10 ml. portion of the yeast nutrient solution, which was then seeded 
with 0.1 mg. of 7. utilis and shaken overnight (4). The yeast (100 to 150 
mg.) was collected by centrifugation and subjected to the procedure of 
Schmidt and Thannhauser (6) for the separation of acid-soluble nucleotides, 
RNA and DNA. The fraction containing the RNA as mononucleotides 
was then hydrolyzed with N H.SOq, and the liberated purines were pre- 
cipitated as deseribed in the procedure for the analysis of RNA (7). The 
silver purines were extracted with a minimum of hot n HCl and the ex- 
tract evaporated to dryness in a stream of warm air. The residue was dis- 
solved in 0.3 ml. of N HCL. An aliquot of 0.01 ml. was measured (13) into 
a lem. cuvette containing 3.0 ml. of 0.1 N HCl, and the adenine and gua- 
nine were measured by differential spectrophotometry (7). An identical 
sample was spotted on a strip of filter paper for the chromatographic separa- 
tion of adenine and guanine (14). For the determination of activity simi- 
lar samples were delivered on aluminum planchets, and also spotted on 1 
inch squares of filter paper of the quality used for paper chromatography. 

The chromatographic separation of adenine and guanine was accom- 
plished with the solvent system composed of n-butanol, diethylene glycol, 
and water in an atmosphere of ammonia (14). The areas occupied by 
the purines were penciled under ultraviolet light (Mineralight lamp), and 
the Rr values calculated. 

Measurement of Activity—The activity of the adenine and guanine iso- 
lated from the yeast RNA was determined in the first group of experiments 
(Table I) by counting the radiation emanating directly from the purine 


§ J. Davoll, unpublished observation. 
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spots on the filter paper.’ The total amount of each purine present was 
known from the determination by differential spectrophotometry on an 
identical aliquot. Counting confirmed the visual observation that adenine, 
in the solvent system used, moves as a discrete spot. Guanine, however, 
tends to trail when more than 10 y are contained in the sample. This was 
demonstrated by the use of C-labeled guanine. Although trailing was 
visible under ultraviolet light with 20 7 samples, counting of the radiations 
in 1 inch squares of the entire strip showed that the trailing amounted to 
only 3 or 4 per cent with 10 y samples. Because of this trailing, all radia- 
tions counted on squares between the starting point and the terminal 
guanine spot were attributed to guanine. 

In studies on yeast or tissue all of the radioactivity in the trailing por- 
tion cannot necessarily be attributed to guanine. Therefore the molar ac- 
tivity of guanine was determined by direct comparison of the activity and 
the purine content in the single square which contained the main guanine 
spot. This was placed in a planchet and the activity counted. It was 
then eluted with 4.0 ml. of 0.1 N HCl overnight, and the guanine in the 
extract was characterized and determined spectrophotometrically (14). 
The same procedure was applied to the square containing adenine. Thus 
the calculation of radiations per micromole of purine in an area known to 
contain only a single purine was possible. 

The activity per micromole of purine, determined as described above, 
is considerably lower than the value observed when the purine solution is 
evaporated in the metal planchet, because of the considerable self-absorp- 
tion of the paper. Hence the activity of the various materials offered to 
the growing yeast as possible precursors of RNA purines was determined 
under the same conditions; 7.¢, on filter paper squares. In the first six ex- 
periments recorded in ‘Table | the activity measurements were made with 
a Geiger-Miller counter with a thin mica end window. 

In a second series of experiments (last three in Table 1) greater sensitivity 
was attained by measuring the activity on the purine solutions evaporated 
directly on the metal planchet and counted with a proportional flow coun- 
ter in a methane atmosphere.* After separation of adenine and guanine 
by paper chromatography the main spots were eluted with HCl and the 
amount of purine was determined spectrophotometrically. The entire 
eluate was evaporated to dryness to remove the HCl, then transferred 
with the aid of a little water to the metal planchet, again evaporated to 
dryness, and the activity was measured. 


7 A detailed discussion of the determination of activity on filter paper after chro- 
matographic separation will appear in a paper from this laboratory by A. Bendich. 
8 Radiation Counter Laboratories nucleometer. 
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The pyrimidine nucleotide fraction® was likewise examined for its con- 
tent of C'. The HCl extract of the silver pyrimidine nucleotide precipi- 
tate (7) was evaporated to a small volume and a measured aliquot was 
used for chromatographic separation on paper. We have found that cy- 
tidylic and uridylic acids separate satisfactorily in a solvent system (de- 
scending) composed of 60 parts of isopropyl alcohol, 20 parts of ethyl] al- 
cohol, and 20 parts of 5 per cent ammonium citrate adjusted to pH 4 with 
citric acid. Under these conditions the Rr values for cytidylic and uri- 


TABLE I 
Incorporation of C'4-Labeled Purines, Nucleosides, and Nucleotides into RNA of Yeast 
(T. utilis) 
Recovered in RNA 
Offered in nutrient solution 
Adenine Guanine 
purine derivative | Total | | Counts] Total | | Counta| Total 
Adenine* 0.8 (51,900) 41,500) 3.47 | 6600 22,900) 3.90 | 3720 14,500 
Adenosine* 3.36 | 3,540) 11,900) 3.76 | 200 754; 4.88 | 105 514 
Adenylic acid* 5.20 | 3,770, 19,600} 5.54 77 429) 6.28 33 211 
Guanine* 4.78 | 2,780, 13,300) 4.00 0 0, 4.75 | 2910 13,900 
Guanosine* 5.16 | 2,660) 13,700) 2.82 0 0} 3.33 330 1,100 
Guanylic acid* 3.58 | 3,160) 11,300) 4.18 7 30} 5.30 296 | 1,590 
Adenylic acidt 11.74 |28,600/336 000) 3.37 | 4350 14,600) 4.25 | 215 915 
Guanosine ft 4.83 |28,000)135,000) 3.66 | 659 | 2,410) 4.58 2030 | 9,320 
Guanylic acidt 8.24 200/356 ,000) 3.60 930 | 3,350) 4.36 | 9740 |42,400 


* Activity measured on filter paper with thin mica end window Geiger-Miller 
counter, expressed as counts per minute. 
t Activity measured directly on metal planchet with proportional flow counter, 
expressed as counts per minute, 


dylic acids were 0.13 and 0.26 respectively. 
has an Ry value of 0.46 and guanine 0.30. 


nine and guanine. 


Results 


The findings are summarized in Table I. 
the growing yeast, 90 per cent of the C' was accounted for as RNA ade- 
Since the amount of adenine given to the yeast repre- 
sented only a small fraction of that required for RNA synthesis, the ac- 
tivity of the isolated RNA adenine shows the resulting dilution. 


In the same system adenine 


When adenine was offered to 


In a 


* The use of isopropyl alcohol to insure complete precipitation of uridylic acid 
was omitted, since this also precipitates considerable amounts of sodium sulfate, 
which interferes with the subsequent chromatographic separation. 
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subsequent experiment (Table II) sufficient adenine to meet the full need 
of the yeast for RNA adenine was dissolved in the nutrient solution, with 
the result that the adenine isolated from the RNA had 40 per cent of the 
activity of that administered and the guanine had almost the same ac- 
tivity. 

Yeast was grown in the presence of an amount of C'*-guanine approxi- 
mately equal to the full need for RNA guanine. The latter, when iso- 
lated from the yeast, had an activity equal within experimental error to 
that of the administered guanine (Table I). Hence the yeast did not manu- 
facture guanine from other substances when sufficient guanine was avail- 
able to meet its needs. The labeled guanine was not transformed into 
adenine. 


TABLE II 
Comparison of Incorporation of Individual and Mixed Purines into RNA of Yeast 
Activities measured in proportional flow counter, as counts per minute. 


Adenine only Adenine + guanine Guanine only 
Activ- Activ- Activ- | 
activity | | activity | activi ty 
Offered in nutrient solution | | | | 
Adenine-8-C. ......... 4.50 28,400 128, 000)3.60 28,400 102,000 | 
| | | 2.03) 5950 12,000 
Guanine (unlabeled). ... | 5.29 None | 
Recovered from RNA take | | 
, 500 37,000 3.67 13,200 48 ,6003.13 82 260 


11,600 46,0004.33 1,880 8,2003.78 1930 7,300 


In contrast to the extensive utilization of adenine and guanine by yeast, 
the nucleosides and nucleotides of the two purines were utilized to but a 
slight extent. Judged by the total counts recovered in RNA adenine and 
guanine compared with the total placed in the nutrient medium, 10 per 
cent of the labeled adenosine and 3 per cent of adenylic acid were utilized 
by the yeast (Table 1). The low activity of the RNA purines on a molar 
basis confirmed this meager incorporation. 

When guanosine and guanylic acid were offered in amounts close to the 
requirements of the yeast for guanine, utilization amounted to 8 per cent 
of the guanosine and 14 per cent of the guanylic acid (Table 1). In the 
first group of experiments no activity was found in the RNA adenine when 
the yeast was grown in the presence of labeled guanine, guanosine, or 
guanylic acid. On repetition of these experiments with the use of the pro- 
portional flow counter in place of the less sensitive Geiger-Miiller counter, 
and with activities determined on metal planchets rather than on filter 
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paper, similar results were obtained (last three experiments in Table I), 
except that when guanosine and guanylic acid were offered to the yeast a 
slight activity (1 to 2 per cent) in the RNA adenine was observed. When 
adenylic acid was given, the incorporation into RNA guanine was negli- 
gible. 

No activity was found in the pyrimidine nucleotides in any of the ex- 
periments. Some activity was observed in the unfractionated HCl ex- 
tract of the silver pyrimidine precipitate in a few experiments, but this was 
completely accounted for (by paper chromatography) in a small amount 
of adenine which had escaped precipitation by silver in acid solution. 

The fraction containing protein and DNA, which are precipitated to- 
gether by the trichloroacetic acid after the alkaline hydrolysis of RNA, was 
found to contain some radioactivity in the experiment in which adenine 
and guanine had been offered to the yeast, but attempts to separate the 
minute quantities of adenine and guanine in this fraction were fruitless. 

As noted above, administered adenine was partially converted to guanine, 
but when sufficient labeled guanine was offered to supply the full need of 
yeast for the synthesis of its RNA guanylic acid, complete utilization with 
no dilution of activity resulted. In view of these observations yeast was 
grown in the presence of labeled adenine together with a slight excess of 
unlabeled guanine, and the results were compared with those obtained 
when yeast was grown with adenine only or with guanine only. The 
data, presented in Table II, show that when both purines were available 
in the nutrient solution the RNA guanylic acid had only a seventh as much 
activity as the adenylic acid, whereas when isotopic adenine was offered 
alone the activity of the adenylic and guanylic acids was nearly equal. 
When only guanine was given, the activity was confined to the guanylic 
acid. 


DISCUSSION 


The results indicate clearly that the purine bases are utilized far more 
readily by growing yeast than are the corresponding nucleosides or nucleo- 
tides. 

We regard the results with the nucleosides and nucleotides as of dubious 
significance, both because of the low activities observed and because of the 
possibility that such incorporation as was observed could have been due 
to the utilization of smaller moieties produced by enzymatic degradation 
of the nucleosides or nucleotides. A similarly limited utilization of the 
purine nucleotides was observed when the mixed ribonucleotides were ad- 
ministered to rats (15). The experimental results definitely indicate that 
linkage of the purines to ribose or to ribose phosphate does not facilitate 
their incorporation into polynucleotides, although the possibility of some 
direct incorporation of nucleoside or nucleotide cannot be excluded. 
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The utilization of the free purines by yeast differs from that previously 
observed with rats (16, 17) in that the growing yeast readily accepts gua- 
nine for the synthesis of RNA guanylic acid, whereas in the adult rat sig- 
nificant utilization of guanine was not observed. Among possible reasons 
for this difference may be mentioned the low solubility of guanine at the 
pH prevailing in mammalian tissue fluids compared with that at which the 
yeast is grown (pH 5.2). Further, a better opportunity to observe utiliza- 
tion might be expected in the case of a 1000-fold increase in cell population 
within 18 hours than in the relatively slow replacement of cells in the adult 
animal. However, guanine was not found to be incorporated into either 
the RNA or DNA purines in the regenerating liver of rats.'!° Species differ- 
ences among mammals have already been indicated by the fact that the 
C57 black mouse does utilize guanine to a significant extent (18). 

The utilization of adenine for the synthesis of both RNA adenylic and 
guanylic acids is in harmony with previous findings with rat tissue (17), 
but there appears to be a more extensive transformation of adenine into 
guanine with the yeast. It will be noted in Table II that, when an ade- 
quate amount of adenine was administered, the two purine nucleotides had 
almost identical molar activities, whereas when a limited amount of ade- 
nine was available (Table I) the activity of the guanylic acid was about 
half that of the adenylic acid. In addition, the presence of adequate 
amounts of guanine inhibited almost completely the transformation of 
adenine into nucleic acid guanine (Table II). <A further study of this phe- 
nomenon is planned. 

In yeast, the transformation of adenine into guanine is not reversible, 
since no activity was observed in the adenylic acid fraction when radio- 
active guanine was administered. 

These results with yeast are to be contrasted with those (19) in another 
unicellular species, Lactobacillus casei, which is able to interconvert adenine 
and guanine readily. 

The fact that labeled guanine is incorporated into RNA without dilution 
of the activity when the need of the growing yeast for guanine is fully met 
indicates the ease with which a preparative biosynthesis of labeled guanylic 
acid may be accomplished. Similarly, both adenylic and guanylie acids 
with high activities may be obtained when sufficient labeled adenine is 
present in the nutrient solution. Nearly quantitative yields may be 
obtained when the RNA nucleotides are separated by means of anion 
exchange resin. Good recovery of the labeled nucleosides is also possible by 
the methods described in this paper. 


1 A. Bendich, 8. 8. Furst, and G. B. Brown, unpublished observations. 
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Addendum on Experiments with Rat Liver Slices 


Studies were also made on the utilization of adenine and the nucleosides 
and nucleotides of both purines, each labeled with C™, by surviving rat 
liver. Thin slices of the liver, prepared with a Stadie slicer, were suspended 
in Krebs’ “intracellular solution” containing phosphate buffer (20), glucose, 
and the C'*-labeled compound in closed flasks. A slow stream of oxygen 
(95 per cent) and CO, (5 per cent) was passed through the flasks, which 
were rocked gently in a bath at 37°. After 3 to 5 hours the tissue was 
weighed, homogenized, and worked up for RNA purines by the technique 
described in this paper for yeast. 


TaBLeE III 


Experiments with Surviving Rat Liver on Utilization of Adenine and Purine 
Nucleosides and Nucleotides 


Activity measurements made with proportional flow counter, expressed as counts 
per minute. 


Offered in nutrient solution | 
ae | Adenine Guanine 
| Activ-| Total | | 22 | Total 
Adenine....................., 8.20) 8,130; 66,600 3 372 | 344 68 , 132 
6.68/45 , 600 305 , 000 5 392 | 470 | 166 +454 
Adenylic acid.................. 11.7 |28,600'319 ,000 5 379 | 440 28 78 
5.94/28,000/166,000 5 103 131| 54. 155 
Guanylic acid.................. 8.24/43 , 200 356 ,000 5 0 0 183 346 


The maximum incorporation observed was in the case of adenine, but 
even there only 0.7 per cent of the activity was recovered in the RNA 
(Table III). With the nucleosides and nucleotides only about 0.1 per cent 
of the activity was found in the RNA purines, and this can be regarded 
us contamination rather than inéorporation dxcept when the activity is 
found in a purine other than the one offered. 

From these few experiments one can conclude that the nucleosides and 
nucleotides of adenine and guanine are not readily accepted as RNA pre- 
cursors under the experimental conditions used. 


SUMMARY 


Adenine-8-C™ was almost completely utilized by growing yeast for the 
formation of RNA adenine and guanine. Labeled guanine was also effi- 
ciently utilized but was incorporated only into RNA guanine. 
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The presence of preformed guanine in amounts sufficient for the bio- 
synthesis of RNA guanine inhibits the transformation of adenine into 
guanine, which occurs when only adenine is offered to the yeast. 

The nucleotides of adenine and guanine, labeled with C in position 8 
of the purine ring, were prepared in good yield from the RNA of yeast 
grown in the presence of adenine-8-C". 

Simplified procedures are described for the preparation of labeled adeno- 
sine and guanosine from the corresponding nucleotides. 

The nucleosides and nucleotides of adenine and guanine were utilized 
to not more than a small extent for RNA synthesis by yeast. 

Incorporation of adenine into the ribonucleic acid of surviving slices of 
rat liver amounted to 0.7 per cent in 3 hours, while the nucleosides and 
nucleotides of adenine and guanine were not utilized to a significant ex- 
tent. 
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The ability of folic acid-deficient Lactobacillus casei to grow in the pres- 
ence of thymine and any of several purines has already suggested (1) the 
presence of a mechanism for the interconversion of adenine and guanine. 
Kxalckar (2) has recently demonstrated by the use of adenine-8-C™ (3) 
that this organism, like the rat (4), can efficiently transform adenine into 
guanine. 

The experiments described here provide a direct demonstration that 
L. casei is able to accomplish with equal facility the inverse transforma- 
tion of guanine into adenine.' After the growth of L. caset on OT (5) 
medium containing guanine-8-C™, both the adenine and the guanine from 
the pentose nucleic acid (PNA) fraction possess, within experimental error, 
the same activity as the guanine furnished in the medium (Table I). 

When equal amounts of the two purines are available, the transforma- 
tions continue to proceed. Thus when adenine-8-C' and unlabeled gua- 
nine were supplied in the medium, the distribution of the activity indicates 
that about 60 per cent of the PNA adenine and 40 per cent of the PNA 
guanine are derived from the labeled adenine, and the remaining 40 per 
cent of the adenine and 60 per cent of the guanine arise from the unlabeled 
guanine (Table I). 

The facility with which Z. caset can transform guanine into adenine is 
to be contrasted with the inability of yeast (6) to accomplish this trans- 
formation. Also to be contrasted is the fact that with yeast the presence 
of sufficient guanine greatly decreases the extent to which adenine is trans- 


* Aided by grants from the Nutrition Foundation, Inc., the National Cancer In- 
stitute of the United States Public Health Service, jointly by the Atomic Energy 
Commission and the Office of Naval Research, contract N6-ori-99, task order 1, and 
by the James Foundation of New York, Inc. 

' Dr. R. Abrams has also reported the transformation of guanine into adenine, in 
rabbit bone marrow, at the Biology conference on current problems in the biochem- 
istry of nucleic acids, Oak Ridge, April 13, 1950. 


217 


4 
ow 


218 INTERCONVERSION OF PURINES 


formed into guanine, while with L. casei, the interconversions continue 
despite the availability of ample supplies of both purines. 


EXPERIMENTAL 


Guanine-8-C'*—Guanine-8-C" was synthesized by the general method 
used for adenine-8-C' by Clark and Kalckar (8). A solution of 232 mg. 
(1.0 mm) of 2,4,5-triamino-6-hydroxypyrimidine dihydrochloride hydrate 
and 62 mg. (0.93 mm) of sodium formate (containing approximately 0.1 
me. of C'*) in 6 ml. of water and 0.2 ml. of 5 Nn hydrochloric acid was al- 
lowed to react at room temperature for 24 hours. Because of the greater 
solubility of this formyl derivative it was necessary to add 50 ml. of ether, 
and enough ethanol to give one liquid phase, to precipitate the product 
fully. It was collected by filtration of the thoroughly cooled mixture and 
amounted to 230 mg. containing 33 X 10° c.p.m. There were approxi- 


TABLE 
Incorporation of Purines into PNA of Lactobacillus casezt 
Isolated from PNA 
Compound added to medium 
Guanine | Adenine 
.p.m. Total C.p.m.! Total C.p.m. | Total 
Guanine-8-C4 18.2 | 17,600; 320,000} 3.87 18,000) 70,000 2.59 (18,100, 47,000 
; 14 
Adenine-8-C 9.1 |116,000'1,050,000) 46 2.52 69,0001174 ,000 
Guanine 9.1 0 0 | 


mately 8 K 10 counts in the mother liquors. This was recovered as formic 
acid by making the solution basic and concentrating it to a small volume. 
It was then made acidic and placed in a closed vessel with a flask con- 
taining 1 ml. of 1 N alkali. All the activity was recovered in the alkali. 

The formylated compound was cyclized by heating at 200° for 80 minutes 
with 4 ml. of freshly distilled formylmorpholine. The reaction mixture 
was cooled and the product was collected and washed with alcohol and 
ether. After two recrystallizations (Darco) from 2 nN sulfuric acid it 


amounted to 160 mg. This was spectrally pure, though considerably 
colored. The activity of the product was 17,600 c.p.m. per um. The 
yield of guanine-8-C" sulfate hydrate was 79 per cent and the yield of C™ 
was approximately 40 per cent, indicating that considerably more loss by 
exchange (7) took place here than in the closure of the imidazole ring of 
adenine (3). 

Utilization of Purines by L. casei—To 400 ml. of OT medium (5) 18.2 
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uM of purines, dissolved in 8 ml. of water, were added. The solution was 
autoclaved 20 minutes at 15 pounds pressure. The sterile medium was 
innoculated with 0.02 ml. of a saline washed suspension of L. casei (5) per 
10 ml. of medium and was incubated at 37° for 65 hours. The bacteria 
were separated by centrifugation and washed three times with cold 5 per 
cent trichloroacetic acid to remove adhering free purines and soluble nuc- 
leotides. The residue was washed with alcohol and then three times with 
a hot (3:1) aleohol-ether solution. The material was finally washed with 
ether and air-dried. In the first experiment, guanine alone was used and 
69 mg. of defatted bacteria were obtained; in the second, both adenine 
and guanine were added to the medium and 90 mg. of dry material were 
obtained. 

The PNA and desoxyribonucleic acid were separated from the defatted 
material by the use of 1 ml. of 1 N sodium hydroxide per 18 mg. of ma- 
terial, and the purines were isolated from the PNA fraction via the silver 
salts and separated as described in the accompanying manuscript (6). 
Known amounts of the individual purines were placed on aluminum plan- 
chets, a drop of detergent solution was added, and the solution was evap- 
orated.2?. The activity of all planchets was more than eight times back- 
ground. 

The desoxyribonucleic acid purines were obtained in small quantity and 
were found to contain activity, but too little was available to obtain satis- 
factory quantitative values. 


SUMMARY 


It has been demonstrated that Lactobacillus casei can readily transform 
guanine into adenine and that the interconversion of these two purines 
proceeds in the presence of adequate supplies of each. The behavior of 
L. caset is contrasted with that of yeast. 
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2 The activities of infinitely thin films on aluminum planchets were measured 
with a proportional flow counter (Radiation Counter Laboratories nucleometer). 
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The formation of glutathione in liver slices, in liver homogenates, and in 
extracts of acetone-dried pigeon liver and the effect of adenosinetriphos- 
phate on this reaction have previously been demonstrated in this labora- 
tory (1-3). In the present report, the synthesis of glutathione which is 
catalyzed by soluble liver enzymes is described in greater detail. The re- 
action occurs anaerobically when the constituent amino acids of the tri- 
peptide, phosphate, magnesium, and an adenine nucleotide are present. 
A net synthesis of the tripeptide can be demonstrated under these condi- 
tions. The evidence suggests that the energy required for the synthetic 
process can be furnished by the cleavage of the pyrophosphate moiety of 
adenine nucleotides, in agreement with the concepts developed by Lip- 
mann (4). Naturally occurring peptides therefore appear to be synthesized 
by a mechanism similar to that for the ‘‘peptidic’’ model compounds which 
have been studied previously by various investigators (5-9). 

As in earlier experiments, glutathione synthesis has been measured by 
following the incorporation of C'*-glycine and in some cases of labeled 
glutamic acid into the tripeptide. In a few experiments, glutathione was 
assayed enzymatically by the glyoxalase method. 


EXPERIMENTAL 
Preparations 


Fresh Homogenates—The source of the enzyme was pigeon liver through- 
out. A survey of the enzymatic activities in liver extracts from other 
species (chicken, rat, rabbit, guinea pig, beef, pork) indicated that these 
sources were much inferior to pigeon liver. The same was true for yeast. 
Extracts of acetone-dried rabbit kidney or rabbit intestine showed no de- 
tectable activity. 


* Aided by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial Fund 
of the University of Chicago. Part of the material in this paper was taken from a 
thesis submitted by Robert B. Johnston to the Division of Biological Sciences of the 
University of Chicago in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

t Predoctorate Research Fellow of the National Cancer Institute. Present ad- 
dress, Department of Physiological Chemistry, Yale University School of Medicine, 
New Haven, Connecticut. 


221 


¥, 


222 ENZYMATIC SYNTHESIS OF GLUTATHIONE 


The experiments described in this investigation have been carried out 
with several enzyme preparations. The first of these was obtained by 
centrifugation of fresh pigeon liver homogenates in the following manner: 
10 gm. of liver from freshly killed pigeons were suspended in 50 ml. of an 
ice-cold solution containing 100 parts of 0.1 m phosphate buffer, pH 7.4, 40 
parts of 0.16 m KCl, and 4 parts of 0.16 m MgSO,. The suspension was 
homogenized in a Waring blendor for 1 minute and then centrifuged in the 
cold room (2°) for 10 minutes at 2000 K g. Thesupernatant fluid obtained 
by decantation was used in the incubation experiments. When the enzy- 
matic activity of the sedimented material was tested, it was resuspended 
in 50 ml. of the dispersion medium. 

To 8 ml. of supernatant fluid or of resuspended sediment from fresh liver 
homogenates there were added 2.5 ml. of 0.1 M phosphate buffer, pH 7.4, 
1 ml. of 0.16 m MgSQ,, 1.2 ml. of 0.16 m glutamate, 0.4 ml. of 0.16 m cys- 
teine, and 1.2 ml. of 0.16 m C"-glycine: The final volume was 16ml. The 
flasks were flushed with nitrogen or oxygen and incubated for 1 hour at 37°. 

Acetone Powders—Enzyme preparations of greater stability have been ob- 
tained from acetone powders which were prepared from pigeon liver in the 
conventional manner. The enzymatic activity of various batches of ace- 
tone powder varied considerably, but the powders retained unchanged ac- 
tivity over a period of several months. For extraction, 5.0 gm. of powder 
were triturated with 55 ml. of an ice-cold solution containing NaCl 0.16 
M, sodium bicarbonate 0.02 m, and cysteine 0.001 m. The insoluble ma- 
terial was removed by centrifugation at 2000 * g for 10 minutes. The 
extracts were used either directly (Enzyme A1) or after dialysis for varying 
lengths of time. Enzyme A2 was obtained from Enzyme A1 by dialysis 
with stirring for 4 to 7 hours against a mixture containing NaCl, NaHCQOs, 
and cysteine in the same concentrations as the solution used for extraction, 
while Enzyme A3 was a preparation which had been dialyzed for either 
5 or 16 hours against distilled water, containing only 0.001 m cysteine at 
pH 7. Before use the dialyzed extracts were centrifuged at low speed 
(2000 * g) to remove any material which had precipitated during dialysis. 
Enzyme A4 was a preparation obtained by subjecting Enzyme A1 to high 
speed centrifugation (18,000 XxX g) for 4 hour and subsequent dialysis 
against distilled water containing cysteine at pH 7. This yielded a clear, 
reddish solution which contained the enzymatic activity, while the sedi- 
ment from the high speed centrifugation was inactive. Enzyme A5 was 
obtained by an additional centrifugation of dialyzed Enzyme A4 at 18,000 
xX g. The sedimented material obtained from 1 ml. of enzyme contained 
1.5 mg. of glycogen, as determined from the glucose content of the fraction 
which was soluble in 10 per cent trichloroacetic acid and insoluble in 50 
percentethanol. The protein N content (in mg. of N per ml.) of the enzyme 
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preparations was as follows: Enzyme A2, 6.6; a A3, 5.2; Enzyme A4, 
4.0; Enzyme 3.3. 

The standard medium for incubation nial C'™-glycine or N!-gly- 
cine, cysteine, glutamic acid, MgSO,, KCl, and phosphate buffer, pH 7.4, 
in the concentrations which are given in Tables II to XI. In some ex- 
periments (Table IV) labeled glutamic acid was used. The volumes of 
liver extract differed in various experiments. The flasks were incubated 
for 1 hour in an atmosphere of nitrogen. 


Materials 


C'-Glycine—Glycine was prepared as described before (3). It had a 
specific activity of 100,000 c.p.m., counted as BaCQO; under standard con- 
ditions. N'-Glycine was prepared according to Schoenheimer and Ratner 
(10). It contained 33.8 atom per cent excess N?. 

C4-Glutamic Acid—Glutamic acid was isolated from the proteins of algae 
(Scenedesmus obliquus) which had been grown in an atmosphere of C'Qbz. 
This was obtained from the Argonne National Laboratory through the 
Atomic Energy Commission. 2.2 gm. of algae containing a total of 1 me. 
of C' were extracted in succession by alcohol-ether 1:1 and cold and then 
hot 10 per cent trichloroacetic acid. The cell residue was hydrolyzed by 
6 x HCl and glutamic acid was isolated as the hydrochloride from the hy- 
drolysate after adsorption on Amberlite IR-4B. 49 mg. of glutamic acid 
hydrochloride were obtained after one recrystallization. This material, 
after dilution with 10 parts of non-isotopic L-glutamic acid, had an activity 
of 33,000 c.p.m., counted as BaCO; under standard conditions. 

Non-isotopic glutamic acid and cysteine hydrochloride were commercial 
preparations. Glutathione! was obtained from the Schwarz Laboratories. 
Adenosinetriphosphate dibarium salt was obtained from the Armour Labo- 
ratories or from the Sigma Chemical Company, adenosine diphosphate from 
the Nutritional Biochemicals Corporation, muscle adenylic acid from the 
Ernst Bischoff Company, yeast adenylic acid and guanylic acid from the 
Schwarz Laboratories. 

Isolation of Glutathione Cuprous Mercaptide—After incubation, the reac- 
tion mixture was deproteinized with 10 per cent trichloroacetic acid and 
25 to 30 mg. of non-isotopic glutathione were added as carrier. Glutha- 
thione was first precipitated as the cadmium salt and then as the cuprous 
mercaptide, as described by Waelsch and Rittenberg (11). C' determina- 
tions were carried out either by combustion of the samples and counting 
of BaCOs; or by direct assay of the mercaptide. Suspensions of the mer- 


‘The following abbreviations are used: GSH, glutathione; ATP, adenosinetri- 
phosphate; ADP, adenosinediphosphate; AMP, muscle adenylic acid; IMP, inosinic 
acid. 
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captide in methanol containing 0.1 per cent sodium carboxymethoxy cellu- 
lose (Hercules Powder Company) when deposited on counting cups gave 
samples of uniform thickness. The radioactivity of a given sample of 
glutathione cuprous mercaptide when counted as such was found to be 5 
times greater than the radioactivity of BaCO,; obtained by combustion of 
the same sample (BaCQ, 6.0 per cent C, glutathione cuprous mercaptide 
33.3 per cent C). The glyoxalase method (12) was used for enzymatic as- 
say of glutathione. Red Star yeast was found to be a satisfactory source 
of glyoxalase. 


Calculation of Results 


The C* concentration of glutathione cuprous mercaptide isolated after 
addition of a standard quantity of carrier was taken as a measure of the 
rate of peptide synthesis. The isotope data are expressed as counts per 
minute of C™ of the glycine moiety of glutathione. 

The quantity of GSH synthesized may be calculated from the equation, 
mg. of GSH synthesized = C/Co XK (Gi + Ge), where Cy = the specific 
activity of C-glycine added, C' = the specific activity in the glycine moiety 
of GSH isolated, G; = mg. of carrier GSH added, G2 = mg. of GSH present 
in the extract before incubation. 

Since the quantity of glutathione in fresh pigeon liver is known (1.5 to 
2 mg. per gm. of wet tissue), it can be estimated that the quantity G. must 
in all cases be less than 5 per cent of G:, and in the calculation G. may there- 
fore be neglected. The amount of glutathione which is present initially 
in the extracts has been determined only in one instance. By assay with 
the glyoxalase method 1 ml. of dialyzed Enzyme A4 was found to contain 
84 y of GSH, or about 15 per cent of the GSH originally present in the 
fresh tissue. By the above equation it is calculated that under optimal 
conditions 0.5 to 0.9 mg. of GSH is synthesized per hour in 2.5 ml. of 
enzyme solution containing 10 mg. of protein nitrogen (Tables I and VII). 


Results 


The enzymes which catalyze the incorporation of glycine into glutathione 
are extractable from either fresh or acetone-dried pigeon liver. Different 
batches of fresh homogenates and of acetone powders were found to vary 
greatly in enzymatic activity. However, the range of activities found for 
the supernatant liquid of centrifuged homogenates and for extracts of 
different acetone powders was about the same as for whole homogenates 
(Table I). It appears therefore that most of the activity in fresh liver 
which is responsible for glutathione synthesis can be obtained in soluble 
form. 

In fresh liver homogenates glycine is rapidly incorporated into glutathione 
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in the presence of amino acids and salts when oxygen is the gas phase (3). 
When fresh liver homogenates are centrifuged (2000 « g), C™-glycine is 
readily introduced into peptide linkage in the supernatant fluid (‘Table II). 
Only in one of thirteen experiments was some enzymatic activity present 


TABLE I 
Glutathione Synthesis in Pigeon Liver Preparations 


GSH synthe- 
Preparation No. me: 
Y 
2. Supernatant of (1) after centrifugation at 2000 X g... 12 3- 20 
3. Acetone powder extracts 
Undialyzed (Enzyme Al)........................... 20 5- 49 
Dialyzed (Enzymes A2, A3)........................ 10 6- 30 
= and centrifuged at 18,000 X g (Enzymes 


* See the experimental section for calculations. 


TABLE II 
Distribution of Enzymatic Activity in Fractions of Fresh Pigeon Liver Homogenates* 
GSH, ¢.p.m. 
Gas phase Addition 
homogenate; fluid | Sediment 
1 540 470 144 7 
2 840 620 124+ 7 
3 ” 3400 240 20 + 8 
135t 
4 1270 
ATP, 2 X 10°‘ 1490 
Sah 770 
Ne 1500 
ATP, 2 X 1140 


* For composition of the incubation medium, see the experimental section. 
+ After standing at 0° for 3 hour. 


in the “‘particulate”’ material, and in general more than 50 per cent of the 
activity of the whole homogenates could be recovered in the soluble frac- 
tion. The enzyme preparations obtained by centrifugation of fresh liver 
homogenates rapidly deteriorated on standing at 0° and were therefore not 
investigated extensively. A summary of the results obtained with this 
preparation is given in Table II. The conditions attending the formation 


- 
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of labeled glutathione in these extracts differed in several aspects from 
those observed with whole homogenates. Thus, in crude liver dispersions 
the rate of synthesis was about 5 times faster under aerobic than anerobic 
conditions and ATP stimulated the process markedly (3). On the other 
hand, in the supernatant fluid of centrifuged homogenates the formation 
of labeled glutathione was at least as fast in nitrogen as in oxygen and ATP 
failed to increase significantly the rate of the reaction (Experiment 4, 
Table If). 

Attempts to activate the sediment remaining after centrifugation of the 
homogenates by addition of boiled pigeon liver extract, or of GSH, sue- 
cinate, cytochrome c, or ATP, were unsuccessful. It appears therefore 
that in pigeon liver only soluble enzymes are concerned with the incorpora- 
tion of glycine into glutathione. 

Acetone Powder Extracts—Saline-bicarbonate extracts of acetone-dried 
pigeon liver catalyze peptide bond formation as actively as do whole liver 
homogenates and as the soluble portion of the fresh tissue (Table I). How- 
ever, these extracts, in contrast to fresh tissue preparations, require for ac- 
tivity the presence of an adenine nucleotide. The enzymatic activity does 
not decline appreciably when the extracts are kept at 0° or are dialyzed for 
periods up to 16 hours. Enzyme solutions which have been centrifuged 
at 18,000 X g (Enzymes A4, A5) will retain full activity for several weeks 
when kept frozen at —20°. Since in such preparations several limiting 
conditions for glutathione synthesis can be established, acetone powder 
extracts were used to examine the properties of the enzyme system in some 
detail. 

It is evident from the data in Table III that the introduction of glycine 
into the peptide linkage requires the presence of magnesium, phosphate, 
and ATP. In the absence of any of these components the C™ content of 
glutathione is reduced to less than 10 per cent of the values observed in 
the complete system. Failure to add glutamic acid decreases but does 
not entirely suppress enzymatic activity. It appears that either glutamic 
acid is not completely removed by dialysis or that it is liberated during 
incubation. The effect of omitting cysteine or glycine has not been de- 
termined, since the progress of the reaction was followed with the aid of 
labeled glycine, while cysteine was always present both in the extraction 
medium and during dialysis. The effects produced by varying concen- 
trations of salts, amino acids, and adenine nucleotides have been studied 
over a limited range (Figs. 1 to 3). The absolute radioactivities observed 
in tests with any one of these components should not be compared with 
those for another component, since they were obtained from separate ex- 
periments which did not always show the same level of enzymatic activity. 
For example, the concentration curves for ATP and AMP (Fig. 3) should 
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TABLE III 
Requirements for Glutathione Synthesis in Extracts of Acetone-Dried Pigeon Liver 


* In the complete system each flask contained phosphate buffer, pH 7.4, 0.03 m, 
KCI 0.01 m, MgSO, 0.005 m, C'*-glycine 0.025 m, glutamate 0.01 mM, cysteine 0.01 m, 
ATP 0.0015 m, and 2.5 ml. of Enzyme A2, dialyzed for 4 hours. Total volume 3.8 
ml. Incubated in nitrogen at 37° for 1 hour. Somewhat less C' is incorporated 
into GSH under aerobic conditions, presumably because of oxidation of sulfhydryl 
groups. 


Nm 

= 
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C.PM c'* x10 °IN GSH 
& 5 a 8 

z 


5 
MOLARITY x FOR PHOSPHATE, 
x 1073 FOR MeSO«4 

Fia. 1. Effect of Mgt*t and PQ, concentration on GSH synthesis. When the 
concentration of Mg** was varied, the samples contained KCl 0.02 m, phosphate 
buffer, pH _7.4, 0.03 m, C'*-glycine 0.02 mM, cysteine 0.007 m, glutamate 0.012 m, ATP 
0.0017 m, and 2.5 ml. of Enzyme A2. Total volume 4.5 ml. per flask. In the experi- 
ments with varying phosphate concentrations the composition of the incubation 
medium was the same except for the phosphate. When phosphate was omitted, the 
samples contained sodium bicarbonate 0.01 M. 


merely be taken to indicate that in the preparation employed (Enzyme A1) 
the optimal molarities of the two nucleotides are the same and that both 
compounds are inhibitory at higher concentrations. However, these data 
should not be used as a measure of the relative effectiveness of ATP and 
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GLUTAMATE 


© 


‘CYSTEINE 


CPM. C'*x107> IN GSH 


Oli 

OOO! O00 OO! OOI5 

MOLARITY OF AMINO ACIDS 

hig. 2. Effect of varying concentrations of amino acids on GSH aynthesia, The 
namples contained phosphate buffer, pH 7.4, 0.02 m, KCI 0.013 m, MgSO, 0.006 m, 
ATP 0.001 m, and 5 ml. of undialyzed extract (Enzyme Al). The total volume was 
13 ml. per flask. The molarities of those amino acids whose concentrations were 
kept constant were as follows: C'-glycine 0.015 m, glutamate 0.015 mM, cysteine 0.005 m. 


S AMP 


C'4x 1072 IN GSH 
ww 


ATP 


MOLARITY OF NUCLEOTIDES PH 
Fic. 3 Fia. 4 


Fic. 3. Effect of ATP and AMP in crude liver extracts. Curve A, ATP; the 
samples contained phosphate buffer, pH 7.4, 0.02 m, KCl 0.012 m, MgSO, 0.006 m, 
C'4-glycine 0.015 m, cysteine 0.005 M, and glutamate 0.03 m. 5 ml. of Enzyme A1 per 
flask; total volume 12.5 ml. Curve B, AMP; the samples contained phosphate 
buffer, pH 7.4, 0.03 m, KCl 0.02 m, MgSO, 0.01 m, C"4-glycine 0.03 m, cysteine, and 
glutamic acid 0.01 mM. 2.5 ml. Enzyme Al per flask. Total volume 3.9 ml. 

Fic. 4. Effect of pH on the incorporation of C'*-glycine into GSH. The samples 
contained KCl 0.013 m, MgSO,, 0.007 m, glutamate 0.024 m, C-glycine 0.012 m, 
cysteine 0.008 m, and 5 ml. of Enzyme Al. Total volume per flask 12.1 ml. Acetate 
buffer was employed at pH 5 and below, phosphate buffer between pH 5 and 8, and 
borate buffer at pH 8 and above. 


AMP. It may also be pointed out that the concentration effects observed 
in crude extracts do not necessarily reflect the true requirements for the 
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formation of the cysteine-glycine bond in glutathione. More probably 
they are the resultant of a variety of subsidiary or competing reactions 
and they may change with progressing purification of the enzyme. 

pH—tThe effect of pH on the incorporation of C“-glycine into glutathione 
has been studied in undialyzed extracts (Enzyme Al) (Fig. 4). Activity 
is confined to a narrow range between pH 6.5 and 7.5. 

Formation of Glutaminyleysteine M oiety of Glutathione—If the incorpora- 
tion of labeled glycine represents a total synthesis of GSH, then the forma- 
tion of the glutaminyleysteine bond in the tripeptide should be demon- 
strable under the same conditions, ‘This was found to be the case in earlier 


IV 


Incorporation of 1 Glitamie Aerd (58,000 Cop.m, of and of Glycine (33.8 
Alom Per Cent N*%) into Glutathione 


GSH 
Molarity Molar 
Addition 
| Atom 
Gluta- | Glycine | C.p.m. | RICt | per cent} RICt | slutamate 
| excess 
0.013 | 0.026 4 | 0.01 | 0.010 
0.026 | 0.026 | 102 | 0.31 | 0.096 | 0.284) 0.92 
0.013 0.026 72 | 0.22 | 0.075 | 0.222; 1.01 


Each flask contained phosphate buffer, pH 7.4, 0.05 m, KCI 0.02 m, MgSO, 0.01 
m, cysteine 0.008 mM, C''-glycine, and N?**-glutamate as indicted in the table and 
2.5 ml. of Enzyme A3. 

* Calculated for the glutamic acid carbon atoms of GSH. 

+ Calculated for the glycine nitrogen atoms of GSH. 

t Relative isotope concentration = 

Isotope concentration of amino acid in GSH 


Isotope concentration of amino acid in medium 


experiments with N'-pL-glutamic acid when fresh pigeon liver homogenates 
were the source of the enzyme (3). Extracts of acetone-dried liver like- 
wise catalyze the formation of both peptide bonds of GSH. Table IV 
gives the results from experiments in which two isotopic substrates were 
used, glycine containing N!*® and L-glutamate labeled by C. From the 
relative concentrations of C' and N} in the tripeptide the relative number 
of glycine and glutamate molecules which had entered into peptide linkage 
can be calculated. Under the conditions investigated the molar ratio of 
the two labeled amino acids in the peptide was close to unity. This result 
is most readily explained by assuming that the rate of formation of the 
glutaminylcysteine bond is the same as that of the cysteinylglycine bond. 
Whether this is the case also when the relative concentrations of the amino 
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acids in solution are greatly different remains to be determined. The 
data in Table IV also demonstrate that the uptake of labeled glutamate is 
negligible in the absence of added AMP or ATP. It thus appears that 
adenine nucleotides participate in the synthesis of both peptide linkages of 
glutathione. 


TABLE V 
Effect of Nucleotides on Synthesis of Glutathione 
Experiment No. Addition GSH, c.p.m, Cl 
1. Enzyme A2, dialyzed None 22 + 4 
7 hrs. ATP, 1.7 K 260 
Adenosine, 1.7 * 10°35 m 24 + 4 
Adenine, 1.7 * 10°49 6 +4 
2. Enzyme Al, undia- ATP, 2.0 10% 420 
lyzed ADP, 2.0 10% 360 
AMV, 2.0 104m 370 
3. Iinzyme A2, dialyzed ATP, 1.7 1380 
7 hrs. AMP, 1.7 2740 
3-AMP,1.7 490 
4. Al, undia- ATP, 2.0 Mm 2780 
lyzed 5-AMP, 2.0 10°? 2500) 
5-IMP, 2.0 * 10°74 * OM) 
5. Mnzyme A2, dialyzed None 50 
4 hrs. 5-AMP, 2.0 10°39 620 
5-IMP, 2.0 10-3 * 125 
Guanylie acid, 2.0 10-3 110 


In Experiments 1 and 2, each flask contained phosphate 0.036 m, KCl 0.011 m, 
MgSO, 0.006 m, C'*-glycine 0.027 m, cysteine 0.009 m, glutamate 0.013 m, and 5 ml. of 
enzyme. Total volume 7 ml. 

In Experiment 3, each flask contained phosphate 0.028 m, KCl 0.02 m, MgSO, 
0.003 m, C'4-glycine 0.02 mM, cysteine 0.007 mM, glutamate 0.007 M, and 2.5 ml. of en 
zyme. Total volume 4.5 ml. 

In Experiments 4 and 5, each flask contained phosphate 0.032 m, KCl 0.02 m, 
MgSO, 0.01 m, C'*-glycine 0.03 m, cysteine 0.01 mM, glutamate 0.008 mM, and 2.5 ml. of 
enzyme. Total volume 3.8 ml. In Experiment 5, each flask also contained GSH 
0.0015 m. 


Effect of Nucleotides—The experiments listed in Tables III to V and Fig. 
3 illustrate the need for a purine nucleotide in glutathione synthesis. The 
participation of ATP in the formation of other peptidic compounds has 
been well established (4, 5, 7-9). It seemed reasonable to expect, there- 
fore, that glutathione synthesis also was associated with a utilization of 
phosphate bond energy. It was felt to be of interest, nevertheless, to test 
nucleotides other than ATP. It will be seen that in crude extracts, either 
before or after dialysis, muscle adenylic acid and adenosinediphosphate 


8 
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are as effective as ATP in supporting glutathione formation (Experiments 
2 to 4, Table V). On the other hand, no activity in excess of the blank 
values is observed with adenosine and adenine (Experiment 1, Table V). 
The effect given by yeast adenylic acid (3-AMP) is small but significant 
(Experiment 3, Table V). Inosinic acid could partially replace the adenine 
nucleotides in undialyzed extracts, but the effect was much smaller in ex- 
tracts which had been dialyzed (Experiments 4 and 5, Table V).2_ It may 
be concluded from these results that in crude extracts of acetone-dried 
pigeon liver a number of nucleotides, notably inosinic acid, ADP, and 
adenylic acid, can be converted to ATP or compounds which function simi- 
larly to ATP in peptide synthesis. 


VI 
Effect of Adenosinetriphosphate and Adenylic Acid on Glutathione Synthesis 
Enzyme Addition 
Al, undialyzed ATP, 2.0 m 420 
AMP, 2.0 “ 370 
AMP, 2.0 10°" “ 830 
3 A2, dialyzed 7 hrs. ATP, 1.7 “ 
7 « AMP, 1.7 | 2740 
4 A3, 16“ ATP, 1.7 X “ | 280 
5 A3, ATP, 1.5 1073 “ | 490 
| AMP, 1.5 X 1073 “ | 880 


In all experiments, the incubation medium contained phosphate buffer, pH 7.4, 
0.03 m, KCl 0.02 m, MgSO, 0.01 m, C'4-glycine 0.025 M, cysteine and glutamate 
0.008 m, and 2.5 ml. of enzyme per flask. Total volume 3.7 ml. Time of incuba- 
tion 1 hour. 


Since under the conditions of our experiments peptide formation was not 
specifically dependent on ATP, it became necessary to make a more de- 
tailed study of the nucleotide effect. Table VI contains a record of the ac- 
tivities of ATP and AMP under comparable conditions. In extracts prior 
to dialysis, AMP and ATP, when used in the same concentrations, sup- 
port glutathione synthesis equally well and the two nucleotides show op- 
timal activity at the same molarities (Experiments 1 and 2, Table VI). On 
the other hand, in extracts which had been dialyzed for varying lengths 


2 In Enzyme A3, A4, and A5 inosinic acid shows no detectable activity, but will 
support glutathione synthesis in combination with various amides. These findings, 
which indicate the enzymatic conversion of inosinic acid to an adenine nucleotide, 
will be the subject of a forthcoming publication. 
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of time, either against bicarbonate buffer (Enzyme A2) or against distilled 
water (Enzyme A3), the response given by ATP is consistently inferior to 
that shown by AMP (Experiments 3 to 5, Table VI). In a total of seven 
experiments which were carried out with dialyzed extracts, ATP was on 
the average only half as effective as AMP under the same condi- 
tions. These findings seemed difficult to reconcile with the view that ATP 
was the active agent in the process under study. The poorer response 
shown by ATP in dialyzed extracts might be attributed to the presence of 
an inhibitor. As shown by the data in Fig. 3, ATP is indeed strongly in- 
hibitory at higher concentrations, but the same is also true for high con- 
centrations of adenylic acid. Moreover, inhibition by a contaminant in 
the ATP preparation should be evident in undialyzed as well as in dialyzed 


TaBLeE VII 
Effect of High Speed Centrifugation of Liver Extracts (18,000 * g) on GSH Synthesis 
Glutathione 
Enzyme | Synthesized 
C pm, CHM per 10 meg. 
protein N 
Y 
! Dialyzed extract, A3 740 180 
“after centrifugation (Ad) 3200 
Sediment from A4 15 
2 Dialyzed extract, A3 550 130 
* after centrifugation (A4) 3600 


The samples contained phosphate buffer, pH 7.4, 0.046 m, KCI 0.02 m, MgSO, 
0.01 m, cysteine and glutamate 0.008 m, C'*-glycine 0.0025 m, ATP 0.0015 m, and 
2.5 ml. of enzyme. 


extracts. This was not the case, however. The relatively low activity of 
ATP found under the conditions of Experiments 3 to 5, Table VI, remains 
therefore unexplained. 

Centrifugation of Liver Extracts—Evidence to indicate that the active 
factor in glutathione synthesis is indeed ATP has been obtained by an addi- 
tional step in the preparation of the enzyme. Centrifugation of the liver 
extracts at 18,000 X g yields preparations exhibiting markedly increased 
activity. The material which is sedimentable at high speed fails to cat- 
alyze glutathione formation, while the supernatant liquid is several times 
as active as the same extract prior to centrifugation (Table VII). The 
sedimented material contained only about 30 per cent of the total protein 
of the original extract, and therefore the several fold increase in potency 
of the soluble fraction is probably due to the removal of enzymes which 
interfere with GSH synthesis. 
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In the more active enzyme preparation which had been subjected to high 
speed centrifugation prior to dialysis (Enzyme A4), ATP and AMP are 
indistinguishable in their effect on GSH synthesis (Curves I and II, Fig. 5) 
and the two nucleotides exert their effect without any time lag. If it is 
assumed that the action of adenylic acid is indirect, and is preceded by its 
conversion to a pyrophosphate ester, then the anaerobic reactions which 
generate energy-rich phosphate must occur more rapidly than peptide syn- 
thesis. Since the dialyzed pigeon liver extracts were found to contain sub- 
stantial amounts of glycogen, glycolysis and hence generation of high energy 
phosphate are the most likely cause for the observed activity of adenylic 
acid. This glycogen can be removed by a second centrifugation at 18,000 
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kia. 5. Comparison of ATP and AMP after one (enzyme A4) and two (Enzyme 
A5) centrifugations at 18,000 X g. All flasks contained salts and amino acids in the 
same concentrations as in the experiments of Table VII. The adenine nucleotides 
were present at 0.0015 m concentration. Curve I, Enzyme A4 and AMP; Curve II, 
Enzyme A4 and ATP; Curve III, Enzyme A5 and ATP; Curve IV, Enzyme A5 and 
AMP. 


X g if this step is carried out after-dialysis of the enzyme against distilled 
water. In the supernatant liquid obtained by this step (Enzyme A5) the 
rate of glutathione synthesis in the presence of ATP is unaffected, but the 
activity of adenylic acid is greatly diminished and becomes evident only 
after a considerable time lag (Curve IV, Fig. 5). It is clear therefore that 
adenylic acid by itself is incapable of supporting peptide bond formation. 
The delayed occurrence of glutathione synthesis with Enzyme A5 in the 
presence of adenylic acid suggests. that after this second high speed centrif- 
ugation formation of pyrophosphate derivatives continues to a limited ex- 
tent. 

Glutathione synthesis in the presence of AMP was completely suppressed 
by 0.001 m fluoride (Table VIII), a result which would be obtained if the 
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activation of the monophosphate was due to glycolytic reactions. On the 
other hand, fluoride was equally inhibitory in experiments performed with 
ATP. The action of fluoride may therefore be concerned with the utiliza- 
tion as well as with the generation of high energy phosphate. A similar, 
though less marked inhibition of enzymatic activity by fluoride has been 
observed by Speck in his study of the enzymatic synthesis of glutamine 
from glutamate, ammonia, and ATP (13). For these reasons the nature 
of the reactions which bring about the conversion of adenylic acid into what 
would appear to be a pyrophosphate derivative remains to be determined. 

Adenosinediphosphate—In all enzyme preparations investigated so far, 
ADP has been found to be as active as ATP in supporting GSH synthesis. 
It will be noted that this is the case also with Enzyme A5, a preparation 
in which the activation of adenylic acid occurs only after a considerable 
time lag. While it is conceivable that the utilization of ADP is preceded 


TaBLeE VIII 
Effect of Sodium Fluoride on Glutathione Synthesis 
Addition GSH, c.p.m. C'# 
4 
0 


The concentrations of salts and amino acids were the same as those in the experi- 
ments of Table VII. The adenine nucleotides were present at 1.5 * 1075 m concen- 
tration. 2.5 ml. of Enzyme A4 per flask. 


by its dismutation to the mono- and triphosphate, no convincing evidence 
exists that pigeon liver extracts contain an enzyme similar in function to 
myokinase (14). On the other hand, the data presented in Fig. 6, particu- 
larly the absence of a lag period with ADP, are consistent with the assump- 
tion that ADP participates directly in glutathione synthesis and that the 
splitting of the terminal phosphate of ADP as well as the splitting of the 
third phosphate grouping of ATP can supply energy for peptide formation. 

Net Synthesis of Glutathione—The incorporation of labeled amino acids 
into glutathione demonstrates peptide bond formation but does not es- 
tablish that a net synthesis of peptide takes place. It is also possible that 
the amino acid residues of glutathione are being replaced by a process 
which involves little expenditure of energy. Such enzyme-catalyzed ex- 
change reactions have been observed with the aid of isotopic tracers; ¢.g., 
the exchange between inorganic phosphate and glucose-l-phosphate (15) 
and between ammonia and hippurylamide (16). The occurrence of a re- 
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action involving an exchange between non-isotopic glycyl residues of the 
peptide and C™-glycine in the medium was a possibility, since our extracts 
contained, even after dialysis, considerable amounts of glutathione. An 
assay for glutathione by the glyoxalase method* showed the presence of 
200 + of GSH in 2.5 ml. of dialyzed extract (Enzyme A3 and A4). In the 
same volume of extract before high speed centrifugation (Enzyme A3) the 
quantity of C“ incorporated was, on the average, equivalent to the synthesis 
of 180 y of GSH; 7.¢., a quantity similar to that of the endogenous tri- 
peptide. In view of the close correspondence of these two quantities, it 
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MINUTES Me GSH ADDED BEFORE INCUBATION 
Fra. 6 Fia. 7 


Kia. 6. Effect of adenine nucleotides on GSH synthesis. The composition of 
the incubation medium was the same as in the experiments of Table VII. Molarity 
of nucleotides, 0.0015 m. Curve I, ADP; Curve II, ATP; Curve III, AMP. All 
flasks contained 2.5 ml. of Enzyme A5. 

Kia. 7. Effect of glutathione when added before incubation on the incorporation 
of C'*-glycine into the tripeptide. Curve I, Enzyme A3; Curve II, Enzyme A4. 
The composition of the incubation medium was the same as in the experiments of 
Table VII. The sum of carrier GSH added before and after incubation was in all 
cases 30 mg. per flask. 


seemed possible that the uptake of C-glycine under these conditions was 
due to an exchange reaction. 

Apparent support for this interpretation may be seen in the finding that 
the addition of small quantities of GSH to the reaction medium before in- 
cubation raised the C™“ concentration in the reaction product (Curve I, 
Fig. 7). When Enzyme A3 was used, the isotope concentration of the 
isolated GSH was, in a narrow range, proportional to the quantity of GSH 
which had been added initially, suggesting that the formation of the cys- 


’ We are indebted to Mr. S. Yanari for some of the GSH assays by the glyoxalase 
method. 
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teinylglycine linkage depended, at least in a limited range, on the quantity 
of tripeptide already present. However, in the more active preparations 
which are obtained by high speed centrifugation (Enzymes A4, A5) the 
incorporation of labeled glycine can no longer be accounted for by an ex- 
change mechanism. Thus, in a volume of enzyme solution containing 
initally 200 7 of GSH, the quantity of C“ found in the GSH isolated after 
incubation corresponded to 900 y of tripeptide (Table VII). Hence, the 
GSH content of the system must have increased by at least 700 y. En- 
zymatic assay of the reaction mixtures by the glyoxalase method’ demon- 
strates that the incorporation of C™-glycine is indeed a measure of the net 
synthesis of GSH. Glutathione determinations both by C analysis and 
by the glyoxalase method in aliquots of the same experimental solution 
gave results which agree satisfactorily (Table IX). 


TABLE IX 
Net Synthesis of Glutathione 


GSH synthesized 
Experiment No. Addition Pe 
By analysis By 
None 
ATP, 1.5 X 1100 
2 1.5 10-3 R90 870 


The experimental conditions were the same as those given in Table VII, 2.5 ml. 
of Enzyme A4 per flask. C** analyses and glyoxalase assays were carried out on 
aliquots of the same experimental sample. 


A utilization of ATP in stoichiometric amounts in the synthesis of the 
amide bond of glutamine has been demonstrated by Speck (7, 13). The 
net synthesis of glutathione from its constituent amino acids would ac- 
cordingly be expected to require the splitting of one energy-rich phosphate 
link for each peptide bond, or a total of two per molecule of glutathione. 
Since under our experimental conditions relatively high concentrations of 
inorganic phosphate were necessary for enzymatic activity, it was not 
feasible to determine the release of inorganic phosphate from the adenine 
nucleotides in the course of the reaction. Moreover, the presence of ATP- 
ase activity and of enzyme systems capable of generating high energy phos- 
phate linkages, as shown by the results obtained with adenylic acid, have 
so far precluded an accurate assessment of the quantitative relation be- 
tween the energy source and the reaction product. However, the data 
given in Table X suggest that energy-rich phosphate is consumed in peptide 
synthesis in stoichiometric amounts. These data are taken from experi- 
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ments performed with Enzyme A5 at time intervals at which adenylic acid 
showed no effect. Thus, under these conditions the endogenous forma- 
tion of high energy phosphate was presumably small. For each micro- 
mole of ATP added, approximately 1 um of tripeptide was formed. If the 
assumption is correct that the splitting of 1 mole of high energy phosphate 
is necessary for the synthesis of each of the two bonds of GSH, it would 
follow that the bond energy derived from more than one pyrophosphate 
linkage of ATP was utilized in the synthetic process. 

The data obtained with ADP show that 1 uM of the diphosphate afforded 
roughly 0.5 um of GSH. Regardless of whether or not ADP is utilized after 
dismutation to ATP and AMP, these results also appear to indicate that 
both pyrophosphate linkages in the adenine nucleotides can supply energy 


TABLE X 
Utilization of ADP and ATP in GSH Synthesis 
Nucleotide GSH 
put 
ADP 3.0 1.6 X 10°3 1.27 
1.5 0.8 10-3 0.76 
1.0 0.53 1073 0.68 
ATP 2.0 1.06 X 1.90 
1.0 0.53 X 1073 0.92 
0.5 0.026 107% 0.37 


The composition of the incubation medium was the same as in the experiments of 
Table VII, 1.25 ml. of Enzyme A5 per flask, incubated for 40 minutes. 

* By glyoxalase assay. 

t Based on determination of 7 minute-hydrolyzable phosphate in the nucleotides. 


for peptide synthesis. However, this conclusion must be regarded as tenta- 
tive until a direct utilization of ADP can be demonstrated in enzyme prepa- 
rations of greater purity. 

Synthesis and Hydrolysis of G8H—The marked increase of synthetic ac- 
tivity which is observed after centrifugation of crude extracts at 18,000 x 
g and which permits the demonstration of GSH synthesis by a balance 
method may be attributed either to the removal of inhibitors or of lytic 
enzymes which act upon the reactants, the reaction product, or both. A 
comparison of the various enzyme preparations shows that before high 
speed centrifugation ATP at 5 X 10-‘ mM concentration is without effect on 
GSH synthesis (Fig. 3), but that after removal of sedimentable material 
this same concentration of the adenine nucleotide affords substantial ac- 
tivity (Table X). This indicates that the concentration of ATP-splitting 
enzymes had been greatly diminished by this step. 
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That the same treatment eliminates a hydrolytic factor which acts on 
glutathione itself is indicated by an experiment designed to test simulta- 
neously the formation and the splitting of the cysteinylglycine bond of 
GSH. Glutathione labeled in the glycine moiety was prepared by incuba- 
tion of liver homogenates with C'-glycine. 1 mg. of the labeled tripeptide 
was added to the standard incubation medium which contained glycine, 
labeled in this case by N"® instead of C. One aliquot of the mixture was 
incubated with Enzyme A3 and another with the enzyme obtained by high 
speed centrifugation (Enzyme A4). After incubation, 30 mg. of non-iso- 
topic glutathione were added as carrier to both flasks and the isolated GSH 
cuprous mercaptide was analyzed for C™ and for N'® (Table XI). Flasks 


TABLE XI 


Incubation of Liver Extracts with C'4-Glutathione (8200 C.p.m. C'*) and 
N'5.Glycine (38.8 Atom Per Cent Excess N'‘5) 


Glutathione 
Enzyme Atom 
GSH owl GSH 
C.p.m. hydrolyzed synthesized 
23 + 2 0.78 0.44 0.40 
, 105 + 5 


All flasks contained salts and amino acids in the same concentrations as in the 
experiments of Table VII. 5 ml. of enzyme and 1 mg. of C'-glutathione were added 
to each flask before and 30 mg. of carrier glutathione after incubation. 

* Calculated for the glycine N of GSH. 

t Trichloroacetic acid added immediately after mixing. 


to which trichloroacetic acid had been added served as controls. If the 
added C"-glutathione had remained unaffected during incubation, the iso- 
tope concentration of the material recovered after addition of 30 mg. of 
carrier and after mixing with 0.42 mg. of endogenous GSH should have 
been the same as in the control; namely, 3200/(30.0 + 1.0 + 0.42) = 102 
c.p.m. of 

Glutathione isolated from the experiment with Enzyme A3 contained 
about one-fourth as much C™ as the GSH isolated from the control flask 
(Table XI). From these data it is calculated that of the 1 mg. of C™- 
glutathione added initially only 0.22 mg. remained after incubation; 2.e., 
0.78 mg. of the labeled tripeptide had been split with the loss of C™-gly- 
cine. The N’® content of the same sample of GSH corresponded to a 
synthesis of 0.4 mg. of peptide. Thus with Knzyme A3 the rate of hy- 
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drolysis was greater than the rate of synthesis. In this case a balance 
method would have failed to detect glutathione synthesis. On the other 
hand, in the experiment with Enzyme A4, the reisolated GSH had the 
same C™ concentration as in the control, showing that the cysteinylglycine 
linkages of the labeled GSH which had been added initially had remained 
intact. The enzymatic activity which is responsible for the splitting of 
GSH is therefore no longer present after centrifugation of the extracts at 
high speed. The incorporation of N'® into GSH isolated from the same 
experiment with Enzyme A4 was equivalent to the synthesis of 1.69 mg. 
of peptide and must have occurred in the absence of any splitting of cys- 
teinylglycine bonds. These findings provide an explanation of the rela- 
tively low and variable activity of preparations of Enzyme Alto A3. Here, 
enzymes capable of splitting glutathione as well as synthetic enzymes ap- 
pear to be present, and, if the two opposing reactions occur at similar rates, 
the newly synthesized peptide will not accumulate. This interpretation 
also explains why glutathione itself has a stimulatory effect on the forma- 
tion of C-glutathione in crude dialyzed extracts (Enzyme A3, Fig. 7) but 
not in the fractions which have been subjected to centrifugation at 18,000 
X g. When the system contains a large quantity of glutathione initially, 
the proportion of labeled tripeptide which is split by the hydrolytic enzyme 
will be smaller than in the absence of any added glutathione, and hence the 
isotope concentration in the glutathione isolated at the end will be greater. 
After the hydrolytic enzyme has been removed, the newly synthesized tri- 
peptide accumulates and net synthesis will be demonstrable. Under these 
latter conditions the addition of glutathione prior to incubation should be 
without stimulatory effect. This was found to be the case (Fig. 7, Curve 
II). 

The separation of enzymatic activity capable of splitting glutathione 
from the synthetic system is of interest with regard to the much debated 
identity of proteolytic and protein-synthesizing enzymes. Our results ap- 
pear to indicate that, at least in the case of glutathione, the enzymes which 
catalyze the synthesis and the hydrolysis of peptide bonds are distinct en- 
tities. 


SUMMARY 


1. Extracts of acetone-dried pigeon liver catalyze reactions leading to the 
synthesis of glutathione from glutamic acid, cysteine, and glycine. Mgt* 
ion, phosphate, and an adenine nucleotide are necessary for the synthesis 
of the tripeptide. The preparation and some properties of the enzyme 
system are described. : 


‘The sedimented material obtained by this step has recently been found to split 
GSH. 
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2. Adenosinediphosphate and adenosinetriphosphate are equally effective 
in supporting glutathione synthesis. Adenylic acid can replace ATP in 
crude extracts, presumably because the monophosphate is converted to 
ADP or ATP. 

3. Crude liver extracts catalyze both the splitting and the synthesis of 
glutathione. From these preparations the hydrolytic activity can be sepa- 
rated by centrifugation at high speed. 


The authors are indebted to Mr. W. Kramer for assistance in the course 
of this work. 
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There is still much that is controversial concerning the action of insulin 
on glucose metabolism. There is general agreement that in the intact 
animal, with the blood sugar maintained at a normal or supernormal level, 
large doses of insulin will promote the storage of glucose. Workers in the 
field, however, do not agree as to whether storage will only take place if 
the liver is functioning or whether this is a process that can be handled 
by the extrahepatic tissues. Thus Bouckaert and de Duve in a recent 
review state (1), “‘It is clear that doses of insulin higher than the physiolog- 
ically secreted amounts of this hormone act almost exclusively on the liver, 
where they promote glucose-retention in a remarkable way, the ratio 
hepatic action/peripheral action being 25.”’ 

Another action ascribed to insulin is that of increasing the immediate 
oxidation of glucose, That this is still controversial may be judged from 
the following quotation from the monograph of Soskin and Levine ((2) 
p. 181). “One of the most firmly intrenched notions about insulin in the 
metabolic literature is that it increases the dissimilation of carbohydrate. 
This is without basis in fact, for, as pointed out in chapter XIV, no over- 
all measure of dissimilation in the living organism is yet available.”’ By 
dissimilation these authors mean the complete oxidation of a substrate to 
carbon dioxide and water ((2) p. 148). The chief argument used to support 
the claim that insulin increases the ‘‘complete oxidation’’! of glucose has 
been that there is an increase in the respiratory quotient after administra- 
tion of this hormone. A rise in the respiratory quotient could occur as a 
result of an increased conversion of glucose to fat in some special organ or 
tissue, while the rest of the tissues maintained a constant type of metab- 
olism. The conversion of glucose to fat is ordinarily thought to take place 


| * This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 

' In this article we use the term ‘‘combustion”’ with the same meaning as ‘‘complete 
oxidation,.”’ 
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mainly in the liver, although there is no certain proof of this. There is 
no experimental evidence that insulin will increase the combustion of glu- 
cose by the extrahepatic tissues. 

As a first step in the elucidation of these problems, we felt that it would 
be of value to determine whether the combustion of glucose in the liverless 
animal is increased by insulin and to what extent it will promote storage 
in such an animal. In these experiments glucose labeled with C was 
administered and its metabolic course was followed. 

General Plan of Experiments—Rabbits were used and eviscerated (kid- 
neys left intact) as previously described (3). With the aid of frequent 
blood sugar determinations the blood sugar was maintained at a normal 
level for 8 or more hours by the constant injection of C'*-labeled glucose. 
10 units of insulin were given intravenously each hour to the insulinized 
animals. The glucose solution used for the constant injection was calcu- 
lated and prepared to have the same specific activity as that of the circu- 
lating plasma glucose resulting from the injection of a priming dose of 
C-labeled glucose. The purpose of the priming dose at the start of the 
experiment was to produce a rapid equilibrium between the specific ac- 
tivity of the body glucose and the glucose to be used for the constant in- 
jection. For this calculation the space of the body glucose is required and 
experiments have shown it to be equivalent to 25 per cent of the body weight 
(4). Collection of the urine and expired carbon dioxide was started im- 
mediately after the injection of the radioglucose. A tracheal cannula 
was used to collect the expired carbon dioxide. At the end of the run the 
animal was killed and the tissues were quickly frozen in liquid nitrogen or 
powdered carbon dioxide and analyzed as described later. 

For comparison two groups of animals were used and treated similarly, 
except that one group was given insulin and the other not. 


Methods 


All samples, except the fat fractions, the radioactivity of which was 
counted directly, were oxidized to barium carbonate for C determination. 
In all cases the samples were of infinite thickness (5). 

The radioactive glucose was prepared by biosynthesis to give uniformly 
labeled sugar. The glucose was obtained by acid hydrolysis of the starch 
which had been extracted from the leaf tissue with perchloric acid (6) and 
isolated as the starch-iodine complex. The specific activities of the car- 
bon dioxide obtained by fermentation with bakers’ yeast and total combus- 
tion of the injected glucose are the same. The same stock sample of radio- 
active glucose was used in all the experiments reported here. 

Preparation of Carcass for Analysis—The frozen carcass including bones 
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and skin (heart, lung, and kidneys were kept separate) was chopped into 
large pieces and disintegrated by passing the pieces through a large hand 
model ice-crusher. Although the chopping of the carcass by the ice- 
crusher takes only a few minutes, the frozen tissue chunks were collected 
in pans resting on dry ice. Under these conditions the carcass was kept 
frozen at all times. The finely chopped carcass was then dehydrated in 
the frozen state in a large lyophilization apparatus. The dehydrated tis- 
sue was treated as follows: 

Total Crude Fat—The dehydrated tissue was placed in a Soxhlet type of 
extractor and continuously extracted for 24 hours with an ethyl ether- 
petroleum ether (1:1) mixture. The partially defatted residue was re- 
moved from the extractor, and, after removal of the solvent, the residue 
was finely ground in a Raymond pulverizer (hammer mill). The material 
was replaced in the Soxhlet extractor and reextracted for another 24 hours. 
An aliquot of the extract was used for determination of total solids and 
radioactive measurements. For fatty acid determination another aliquot 
was saponified by refluxing for 6 hours with 30 per cent potassium hydrox- 
ide in 50 per cent alcohol. After removal of the alcohol the alkaline mix- 
ture was extracted five times with an equal volume of petroleum ether. 
The fatty acid solution was acidified and reextracted with petroleum ether. 
The petroleum ether solution was thoroughly washed with water and dried 
with magnesium sulfate, and the solvent was removed for fatty acid de- 
termination. 

Water-Soluble Fractton—An aliquot (25 per cent) of the defatted carcass 
was extracted three times with generous quantities of boiling water. In 
this procedure the residue was added to the boiling water and stirred for a 
few minutes before filtering on a large Biichner funnel. The combined 
extracts were dried by lyophilization. 

Protein Fraction—The residue from the water extraction was dried and 
weighed for radioactivity determination. In order to remove glycogen 
and other polysaccharides an aliquot was hydrolyzed at 100° for 3 hours 
with 2.2 per cent hydrochloric acid (2.2 ml. of concentrated hydrochloric 
acid diluted to 37 ml.). The insoluble residue (called the true protein 
fraction) was washed in order to remove sugar fragments. 

Glycogen—Glycogen was determined on the defatted carcass by the 
method of Good, Kramer, and Somogyi (7). For isolation an aliquot of the 
defatted carcass was refluxed with 30 per cent potassium hydroxide for 3 
hours and the glycogen precipitated with alcohol. In order to obtain pure 
glycogen for counting purposes, it was necessary to redissolve the glycogen 
in trichloroacetic acid solution, filter, and reprecipitate the glycogen with 
alcohol. 
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Body Carbon Dioxide—The circulating carbon dioxide of the body was , 
determined by acidifying an alkaline digest of the carcass and collecting , 
the carbon dioxide as barium carbonate. | 


Results 


The data given in Table I are from an eviscerated insulinized rabbit 
maintained with a normal blood sugar level for 24 hours. The actual 
figures are given for 18 hours because no changes occurred beyond this 
time. The data are representative of all the experiments reported here. 

Table II shows the comparison of the percentage of injected C-labeled 
glucose converted to carbon dioxide and its specific activity in a series of 
control and insulin-treated animals. 


TABLE I 
Blood Sugar Level, Rate of Glucose Injection, and Specific Activity of Expired CO, 
from Insulinized Rabbit (No. 11) after 18 Hours of Constant 
3 Injection of C'4-Labeled Glucose 


Specific activity (s.a.) of injected glucose = 330. 


1-2 | 34 | | 7-8 | 940 | 11-12 | 13-14 | 15-16 17-18 
hrs. | hrs. | hrs. | hrs. hrs. | hrs. hrs. | hrs hrs. 
Blood sugar at beginning of | 
period, mg. per cent........... 122 |131 | 92 120 98 98 | 70 
Rate of glucose injected, mg. | 
415 (385 (474 [513 562 620 620 (680 (680 
24, 54 | OF «(159 174187 198 
S.a. CO, | | | | 


* Specific activity is in counts per min. per mg. of carbon. 


Rate of Oxidation of Glucose—To be noted is the comparative slowness ‘ 
with which the C appears in the expired carbon dioxide in the Ist hour 
in the insulinized rabbits in comparison with the control animals. The 
effect of a given dose of insulin on sugar disappearance is immediate (8) 
and is maximal right after the injection, diminishing ina regular way there- 
after. In the present series we gave repeated doses so that the insulin 
effect was maintained and usually somewhat increased with time. All of the 
injected glucose, however, is not transformed immediately to carbon diox- } 
ide. There is apparently an initial pooling of the sugar or of intermediary 
substances and so more and more of the labeled carbon atoms appear as 
carbon dioxide as time goes on. 

After 8 hours of continuous infusion, the specific activities of the expired 
carbon dioxide for the control group are approximately one-seventh to one- 
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tenth that of the injected glucose, thus showing that most of the carbon 
dioxide produced came from non-glucose materials. In contrast, the in- 
sulinized rabbits give only a 1- to 3-fold dilution value with respect to the 
injected glucose. In the experiment with Rabbit 37 (a non-fasted insu- 
linized animal, Table II) 85 per cent of the energy requirement of the ani- 
mal, as judged by the radioactivity of the expired carbon dioxide, was ob- 
tained by glucose oxidation in the 8th hour.” 


TABLE II 


C'4 Content and Specific Activities of Expired CO, from Eviscerated Rabbits after 
Constant Injection of C'4-Labeled Glucose with and 
without Insulin Administration* 


Control Insulint 
S.a. of expired COst | S.a. of expired COs 
Rab-} Rab-| Rab-| Rab-| Rab-| Rab-} Rab- | Rab- | Rab-| Rab-} Rab-; Rab-| Rab- | Rab-/ Rab- | Rab- 
bit | bit | bit | bit | bit | bit | bit bit | bit | bit | bit | bit | bit bit bit | bit 
29 | 30 | 39 | 23 | 29 | 30 | 39 | 23 | 40 | 22 | 37 | 27) 40 | 22 | 37 | 27 
1 | 1.2) 1.0) 1.0) 1.0} 89 ‘0 150 | 148 | 0.1) 1.6) 0.7 03 122 | 377 | 282 | 88 
2 | 1.3} 2.0) 2.1) 1.0) 137] 123) 243 | 197 | 0.6) 2.7) 1.7! 0.9) 213 | 680 | 654 | 221 
3 | 1.7 19] 3.4) 1.1] 172) 154) 323 | 266 | 1.6) 4.5) 3.2) 1.6) 348 | 960 |1100 | 378 
4 | 1.8) 2.5) 3.1) 1.3} 206} 174) 344 | 290 | 1.9] 4.9) 4.0] 1.7| 440 |1080 |1500 | 500 
5 | 2.1) 2.5 ae 1.5) 239} 182) 353 | 314 | 1.8) 5.4! 4.6) 2.7| 607 {1290 |1760 | 640 
6 | 2.0) 2.6) 3.5} 1.8) 275) 209) 411 | 346 | 2.7) 5.8, 5.0) 3.3) 773 |1330 {1920 | 780 
7 | 2.3) 2.8) 3.5} 2.1) 321] 224) 436 | 375 | 4.4) 6.4) 6.0) 4.0, 840 |1370 |2090 | 920 
8 | 5.3) 2.8) 3.4) 2.9) 390] 237) 425 | 380 | 3.6 9.9} 6.6) 983 2970 |1020 
9 3.1 255 
S.a. of injected | 
glucose........... 2890/2370/2815 |4040 '2990 3460 |3360 |2240 


* Rabbits 29, 30, and 40 were fasted 4 days before evisceration and Rabbits 22, 
37, and 39 were non-fasted. Rabbits 23 and 27 were fasted 3 and 1 days respectively. 
The weights of the rabbits after evisceration, in the order they appear in the table, 
are 2.21, 2.33, 2.79, 1.82, 2.39, 2.00, 1.82, and 2.27 kilos. 

+ 10 units of iletin insulin were given intravenously at the start of each hour. 
We are indebted to Eli Lilly and Company for generous supplies of insulin. 

t Specific activity is in counts per min. per mg. of carbon. 


In Table III are the figures from the different animals for the rates of 
glucose disappearance (utilization) and glucose combustion, as determined 
from the specific activity of the injected glucose and the total carbon diox- 
ide expired. There is the usual marked increase (4-fold on the average) 


? Although additional experiments are necessary, our results indicate that a given 
response to insulin is dependent to a certain degree upon the length of fast before 
operation. 
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in glucose utilization produced by insulin. If the glucose equivalent of 
the expired radioactivity of the carbon dioxide was the same percentage 
as that which disappears in both the control and insulin-treated animals, 
there would be far more glucose oxidized under the influence of insulin. 
Actually an even greater proportion of the glucose utilized is burned by the 
insulin group in comparison with the controls. By the 7th hour of obser- 
vation and insulin administration the glucose combustion averages 6-fold 
more after insulin. There is a 4-fold average increase for the total period 
of all experiments (Fraction 1, Table IV). In both the control and insulin- 


TABLE III 


Comparison of Glucose Disappearance and Oxidation Rate in Eviscerated Rabbits 
over Period of Constant Injection of C'4-Labeled Glucose 
with and without Insulin Administration 


Glucose oxidized to COs: per kilo per hr. 
Hrs, Control Insulin 
Rabbit 29 | Rabbit 30 | Rabbit 39 | Rabbit 23 | Rabbit 40 | Rabbit 22 | Rabbit 37 |Rabbit 27 

mg mg. mg mg mg. mg. mg mg 
1 15 22 13 10 3 53 38 15 
2 17 29 29 10 15 92 95 38 
3 21 29 47 11 38 153 177 67 
4 22 31 43 13 45 166 220 71 
5 27 33 37 15 42 184 255 113 
6 25 33 48 17 64 198 275 138 
7 29 36 49 20 102 217 330 167 
ss 68 47 29 85 546 276 

Glucose injected, mg. per kilo per hr.* 
| 124 | 113 | 128 | 84 | 258 | 436 | 660 | 540 


* The values given for the glucose injected are the average hourly injections 
for the 8 hour run. 


treated animals a large part of the glucose that disappears is not accounted 
for by combustion. 

Distribution of Injected C'*-Labeled Glucose—The analyses of the carcass 
of the animals at the termination of the experiments reveal the ways in 
which the glucose was disposed of. Table IV gives the balances between 
the activity administered and the activity recovered from the animal. 
The C"4-glucose deposited in the body occurs chiefly as water-soluble sub- 
stances, protein fraction, and glycogen. Of the water-soluble material 
a certain part is glucose and possibly breakdown products of glucose, which 
are normally taken care of by the liver and which in the absence of this 


‘ 
t 
| 


WICK, DRURY, BANCROFT, AND MACKAY 247 


organ may accumulate. The deposition of C-labeled glycogen, as ex- 
pected, is considerably greater in the insulinized animals. In both groups 
of animals, but particularly in the control group, the water-soluble frac- 
tion represents the major pool for the conversion products of injected 


TABLE IV 


Effect of Insulin on Distribution of C'4 in Eviscerated Rabbit after Constant Injection 
of C'4-Labeled Glucose 


Control Insulin 
Per cent C injected Per cent C* injected 
Fraction No. as glucose Glucose as glucose rn 
e Va- 
Rab-|Rab-| Rab-|Rab-| lent, | Rab-| Rab-| Rab-| 
bit | bit | bit | bit | average | bit | bit | bit | bit 
29 | 30 | 39 | 23 40 | 22*| 37 | 27 
| mg. mg 
1. Expired 17 543 16.8)/31. 2144 
4.4] 3.8 3.4] 93 4.3 4.5| 360 
3. Water-soluble............. 980 {21.7 21.8/22.4| 1857 
As glucosef................ 9.0) 6.4) 5. -310.0 205 | 2.8 1.6) 5. 265 
4. 2.6) 2.5) 4.7 127 {11.5 10.0/10.6; 704 
5. Crude protein} (corrected 
for glycogen).............. 7.5 6.1; 6.1} 172 | 2.5 990 
True protein.............. 1.9) 3.6) 5.1) 5.6) 112 | 2.5 1.4; 4.5) 690 
As fatty acids............. 0.4) 0.1; 0.8} 0.2) 13 | 0.2 2.5) 0.3) 127 
4.0) 4.3) 4.2) 118 | 0.4 2.1} 209 
8. Kidneys-lung-heart........ 5.0 5.01 5.01 5.0, 141 | | 415 


* The distribution of C'‘ in this experiment with Rabbit 22 is not presented be- 
cause the method used for the carcass analyses is not comparable to that reported 
in this paper. 

t The values given for glucose were obtained by determination of radioactivity 
of the BaCO; (carbon atoms 3 and 4) obtained by fermentation with Fleischmann’s 
bakers’ yeast. Calculated as per cent of the water-soluble fraction, the values 
for the control group are 19, 15, 23, and 30 per cent respectively. For the insulinized 
rabbits (Nos. 40, 37, and 27) the values are 13, 8, and 24 per cent respectively. 

t The fraction called ‘‘crude protein”’’ is the residue remaining after the removal 
of the water-soluble substances and is corrected for the glycogen value obtained 
by direct analyses, since glycogen is not removed from rabbit tissue by water ex- 
traction. 


C-labeled glucose. Work is in progress to determine the nature of the 
compounds containing C" in this fraction and in the urine samples. 
DISCUSSION 


Our results give positive proof that insulin increases the combustion of 
glucose by the extrahepatic tissues. Although this notion has been a popu- 
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lar one since the early use of insulin, it has not had a sound experimental 
basis. The inadequacy of the older ‘‘proof’’ is well presented by Soskin 
(9). 

This increased combustion of glucose does not accelerate as rapidly as 
does the disappearance of glucose from the blood induced by the insulin. 
The latter is immediate, whereas the former needs 6 to 8 hours to reach its 
peak. It seems that insulin increases the transfer of glucose into routes 
that lead to ultimate transformation to carbon dioxide. These routes in- 
volve chains of reactions and a considerable amount of material is involved 
in them; thus they may be referred to as metabolic pools. It is debatable 
whether such glucose derivatives should be considered as storage substances 
or as material in process. They probably serve as both, and it is not neces- 
sary to make a sharp division by classifying all substances as storage or 
‘in process.’’ It was earlier shown in depancreatized rats fed a high car- 
bohydrate diet on alternate days that insulin made it possible for these 
animals to “store’’ carbohydrate to carry them over the fasting days (10). 
It was pointed out that the stored carbohydrate could be accounted for as 
glycogen only in part. Our results give some indication of the nature of 
the other storage substances. Of the greatest importance in regard to the 
C™“ content are the water-soluble compounds. Another considerable 
amount is in the crude protein fraction. These may be carbohydrate 
compounds merely having physical characteristics of the proteins which are 
carried along with them in the conventional analytical procedures. There 
is, however, some support for the view that they are protein in part, since 
they are only hydrolyzed by strong chemical procedures. 

In our eviscerated rabbits we found only small amounts of C™ in the body 
fatty acids, even after insulin administration, in which the glucose dis- 
appearance is enhanced on the average 4-fold. When working with the 
eviscerated rat (without insulin) Masoro et al. (11) found a substantial con- 
version of glucose to fatty acids in 8 hours. The difference between the 
two species may perhaps be explained by the fact that the metabolic proc- 
esses are much more rapid in the smaller animal; thus a given result that 
needs 8 hours in the rat would require 16 or 20 hours in the rabbit. 


SUMMARY 


With the use of C-labeled glucose, we have studied the effect of insulin 
on glucose metabolism in eviscerated rabbits. 

Our results show that insulin acts on the extrahepatic tissues to increase 
greatly their combustion of glucose to carbon dioxide. 

This action is not immediate, there being a lag in the appearance of C™ 
in the expired carbon dioxide in comparison with the control animals. 
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During this time large amounts of glucose disappear from the blood and 
enter metabolic pools. 

The extra glucose which disappears under insulin action and is not oxi- 
dized is disposed of chiefly as water-soluble compounds with lesser amounts 
in glycogen and protein-like material. 
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INHIBITION OF BACTERIAL GROWTH BY 
LEUCINE PEPTIDES* 


By SOFIA SIMMONDS, J. IEUAN HARRIS,f anp JOSEPH S. FRUTON 


(From the Departments of Physiological Chemistry and of Microbiology 
Yale University, New Haven, Connecticut) 


(Received for publication, September 7, 1950) 


In previous reports (1, 2), data were presented on the growth response 
of a leucineless mutant (strain 679-680)! of Escherichia coli strain K-12 
to various L-leucine peptides. Measurement of the extent of bacterial 
growth after 24 hours incubation showed that, at low concentrations, the 
peptides were almost as effective in the stimulation of growth as was 
L-leucine; at high concentrations, however, the peptides appeared to exert 
an inhibitory action on the growth of the mutant (1). When the growth 
response of the mutant to L-leucine and to glycyl-u-leucine (G-L-L) was 
studied as a function of time as well as of the concentration of the test 
compound, it became evident that the dipeptide acted as an inhibitor of 
the initiation of growth, and that the duration of the lag phase of growth 
(7.e., the period preceding the initiation of rapid growth) increased with 
increasing concentrations of G-L-L. However, the extent of bacter- 
ial growth ultimately attained was approximately the same for equimolar 
concentrations of L-leucine and G-.L-L (2). 

In the present study, a comparison has been made of the relative inhib- 
itory action of a number of leucine peptides on the growth of the leucine- 
less mutant. The methods used in these experiments have been described 
previously (2). Nearly all of the L-leucine present in a peptide becomes 
available to the organism for growth; for convenience, therefore, the con- 
centration of the leucine peptides will be given in terms of the amount, in 
micromoles per 10 ml., of leucine which may be derived from these pep- 
tides. Thus, 0.05 um of t-leucyl-L-leucine (L-L-L-L) will be given as 0.10 
uM, and this may be compared directly with 0.10 um of L-leucine or L-leu- 
cylglycine (L-LG). 

Peptides of u-Leucine As Inhibhitors—In most cases, the growth curves 
for equivalent concentrations of L-leucine and of L-leucine peptides varied 


* This study was aided by a grant from the Rockefeller Foundation. 

+t James Hudson Brown Fellow of the Yale University School of Medicine. 

1 Strain 679-680 is a double mutant which requires an exogenous source of both 
leucine and threonine. The present discussion is concerned only with the leucine 
requirement, and, for convenience, the organism is designated as a leucineless mu- 
tant. 
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significantly only in their position on the time axis (cf. also (2)). Under 
the conditions of these experiments, the maximal growth (measured tur- 
bidimetrically with an Evelyn colorimeter) attained by the mutant in 
minimal medium containing t-leucine or L-leucine peptides corresponded 
to an optical density of 0.250. A concentration of approximately 1.0 um 
of t-leucine per 10 ml. of medium was sufficient to cause this growth, and 
the growth curves at concentrations of L-leucine up to 30 um were identical 
with that for the 1.0 um level. Curves for levels below 1.0 um had max- 
ima at values below 0.250, depending on the concentration of L-leucine in 
the medium. 

Since the time at which the turbidity of a culture reached half its par- 
ticular maximal value could be estimated accurately from the growth 
curve, this point, designated ¢;, was used as the basis for a compari- 
son of the relative inhibitory action, at a given concentration, of a 
series of leucine peptides. If the growth curves for equivalent concen- 
trations of L-leucine and of L-leucine peptides can be superimposed by a 
shift parallel to the abscissa, the value of ¢; for the peptide may be com- 
pared directly with the value of ty for L-leucine itself. The difference 
between these two values of t; (Aty) is a measure of the extent to which 
the peptide lengthens the lag phase. In practice, growth curves were 
obtained simultaneously for L-leucine and for an L-leucine peptide at con- 
centrations (in leucine equivalents) of 0.1, 0.4, 0.8, 2.4, and 4.8 um, and 
the At; was estimated to the nearest half hour for each concentration. 
Although the ¢; for a specific concentration of a test compound might vary 
by 2 or 3 hours from one experiment to another, the value of At; was quite 
reproducible. 

In Table I are given the data for the L-leucine peptides which have 
been investigated. At concentrations up to, and including, 2.4 um, all 
the peptides gave growth curves which could be superimposed on the 
curve for the equivalent concentration of t-leucine. At the concentration 
of 4.8 um of peptide leucine, however, the growth curves for some peptides 
had a less steep slope than those at the lower concentrations. Although 
the lag period at 4.8 um was somewhat longer than at 2.4 um, the Af: is 
not a true measure of the inhibitory action of these peptides at the 4.8 um 
level. The change in slope of the growth curves indicated, therefore, 
that, at the higher concentration, the peptides also caused a reduction in 
the rate of logarithmic growth. Furthermore, the maxima of these curves 
were usually lower than the expected value of 0.250, which suggests poor 
utilization of peptide leucine for growth. If, as suggested previously (2), 
rapid growth in media supplemented with an inhibitory peptide is possible 
only after the concentrations of peptide have been reduced, possibly by 
hydrolysis, to a level which is no longer inhibitory, the slower growth rate 
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at 4.8 um of peptide leucine may be a reflection of the fact that enough 


unchanged peptide was present at all times to interfere with normal 
growth. 


TaBLeE | 
Inhibition of Growth of Leucineless Mutant by Leucine Peptides 


The time, in hours, required for attainment of half maximal growth at any given 
concentration of the test compound is denoted by t&. At, is calculated by subtract- 
ing ty for a given concentration of L-leucine from t& for the equivalent concentration 
of peptide. The values of ty for L-leucine were 0.1 wm, 18.0 + 1.6 (7); 0.4 um, 20.5 + 
1.3 (8); 0.8 wm, 22.0 + 1.3 (8); and 2.4 um, 22.0 + 1.4(8). The precision is indicated 
by the average deviation; the number of experiments is shown in parentheses. 


0.1 um 0.4 uM 0.8 uM 2.4 uM 
hrs Ars. hrs Ars 
+0.4 (4) | +1.1(4)| +40.9(4)) +2.2 (4) 
+4.0 +4.5 +5.5 +11.5 
+1.2 (3) | 42.3(3) +2.0(3), +3.0 (3) 
+4.5 +11.5 +15.0 +25 .0 
+0.3 (3) | 4+3.0(3)) +5.0(3)| +4.0 (2) 
+5.0 +8.0 +12.5 +16.0 
| +0.2 (3) | 41.8 (3)| +4.8(3)|} +2.8 (3) 
+3.5 +4.5 +5.5 +13.5 
+0.7 (3) | +1.0(3)| +0.8 (4) | +2.2 (4) 
+5.5 +6.0 +6.5 +7.5 
+0.8 (2) | +1.0(2)| +0 (2) +0.5 (2) 
+7.5 (1) | +10.5 (1) | +10.5 +15.5 
+0 (2) +0.3 (2) 
.... +4.5 +4.0 +7.5 
+2.5(3)*;} +2.2 (3)! +2.7 (3) 
Glyeylglycyl-t-leucylglycine....... +5.0 (1) | +3.5 +2.5 +2.5 
+0.8 (2); +0.3(2)) +0.5 (2) 
L-Leucyl-L-tyrosinet............... | +2.0 +3.0 +3.5 +4.5 
+1.5(3) | 42.5 (4); +1.8(3) +2.8 (4) 
+1.0 —1.0 +0.5 +0.5 
+0.3 (2) | +0.3(2)| 40.3(2) +0 (2) 


* Slope of curve less steep than that for equivalent concentration of L-leucine. 

+ Freshly prepared solutions of this peptide gave only slight inhibition, but 
somewhat greater inhibition was noted with solutions that had been left at room 
temperature for several days. This difference was not observed with the other pep- 
tides tested. 


The data in Table I show a considerable variation in the inhibitory 
action of the peptides which have been tested. Although, in most cases, 
At; rises as the initial concentration of the peptide is increased, glycyl- 
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glycyl-L-leucylglycine (GG-uL-LG) and L-leucyl-L-tyrosine were only slightly 
inhibitory, and t-prolyl-t-leucine gave no significant inhibition, at 
all the concentrations tested. The results with GG-L-LG indicate that 
neither the presence of glycine residues nor the lengthening of the peptide 
chain necessarily favors the inhibitory action of leucine peptides. This is 
further supported by the strong inhibitory action of L-L-t-L. In the se- 
ries of peptides containing L-leucine and glycine, the greatest inhibition 
(at 2.4 um of peptide leucine per 10 ml.) was observed with those peptides 
in which t-leucine is a terminal amino acid. Glycyl-t-leucylglycyl-t-leu- 
cine (G-L-LG-L-L) represents a special case among the leucine peptides 
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ic. 1. Representative growth curves for the lewcineless mutant in the presence 
of glycyl-L-leucylglycyl-L-leucine (solid lines) and of t-leucine (dash line). The 
L-leucine equivalent of test compound, in micromoles per 10 ml., is indicated for 
each curve. The maximal density obtained in the presence of various concentra- 
tions of L-leucine is indicated by arrows at the right of the figure. To facilitate 
inspection of the curves, the observed density readings have been omitted. 


examined for their inhibitory action; a representive series of growth curves 
for this peptide is shown in Fig. 1. At low concentrations, the inhibitory 
effect of the compound was small and the growth rate was slow. Fur- 
thermore, at levels of 0.05 and 0.1 um of peptide leucine, the leucine was 
utilized poorly. Not until the concentration reached 0.8 um was the 
growth rate normal, and only at the higher concentrations was the in- 
hibitory effect marked. 

Changes in the aeration of the culture or in the pH of the medium 
caused little effect on the inhibitory action of the L-leucine peptides. An 
experiment with G-t-L (0.1 to 2.4 um) in which the tubes were shaken 
vigorously during the incubation period gave approximately the same val- 
ues for At} as those obtained when the tubes were incubated in a station- 
ary position. Alteration of the pH of the medium from the usual value 
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of 6.9-7.0 to 6.0 or to 7.4 did not cause any marked change in Af; for 
G-L-L or L-leucylglycylglycine (L-LGG) (0.1 to 4.0 uM). 

It has been reported (2) that the inhibitory action of G-.-L on the 
leucineless mutant was not reversed by t-leucine. tL-Leucine also will not 
reverse the inhibition caused by L-LG, glycyl-L-leucylglycine (G-L-LG), 
glvcyl-L-leucyl-L-leucine (G-L-L-L-L), or GG-L-LG. Tests made in media 
containing 0.4 um of each peptide and 0.4 to 24.0 um of L-leucine showed 
that the inhibitory action of all these peptides was not altered in any way 
by the presence of L-leucine in the medium. In addition, the growth of 
strain K-12 and of a threonineless strain (No. 679), both of which can 
synthesize leucine from the constituents of the minimal medium, also was 
inhibited by G-L-L. These findings indicate that the inhibition described 
in the present communication cannot be related to the inability of the 
leucineless mutant to synthesize leucine. 

Plate counts made at intervals of 2 hours from the time of inoculation 
of the leucineless mutant into a medium containing 0.4 um of L-leucine or 
0.4 um of G-L-L showed that the dipeptide was not bactericidal and that 
it served only to delay the initiation of active cell multiplication. Pre- 
liminary experiments have shown that some inhibition always results when 
G-L-L (2.4 uM) is added to culture tubes at any time between inoculation 
and the onset of active cell multiplication; 7.e., during the first 12 to 15 
hours of incubation. Other experiments in which G-L-L or G-t-L-L-L 
(2.4 uM) was added to cultures containing L-leucine (2.4 um) at the time 
when cell multiplication had just begun indicated that the initial rate of 
growth was somewhat reduced compared to the growth rate in the ab- 
sence of the peptides. Under these conditions, therefore, the peptides 
still were able to interfere with normal growth. 

Peptides of p-Leucine—In addition to the L-leucine peptides listed in 
Table I, the following p-leucine peptides were examined for their possible 
inhibition of bacterial growth: glycyl-p-leucine, glycyl-p-leucylglycine, and 
glycyl-L-leucyl-p-leucine (G-L-L-p-L). The compounds were tested first, 
at concentrations up to 24.0 uM, for their ability to serve as a source of 
leucine for growth. They also were tested, at the same concentrations 
but in the presence of 0.4 um of L-leucine, for their ability to spare the 
L-leucine requirement and to inhibit the growth of the leucineless mutant 
on L-leucine. The results of all tests were negative. In the tests for 
inhibition, the values for Ad; at the level of 24.0 um of peptide leucine were 
—0.5 to +1.5 hours. 

The complete inactivity of G-L-L-p-L was especially striking. Under 
the experimental conditions employed in this study, the mutant strain 
obviously cannot cleave the tripeptide to give G-.L-L, which has both 
growth-promoting and inhibitory activity; any pb-leucine which might 
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have been formed would not have been utilized for growth (1). The 
enzymes involved in the conversion (hydrolysis) of G-L-L-L-L to a com- 
pound utilizable in place of L-leucine, therefore, must have a high degree 
of specificity. Furthermore, the inhibition caused by the L,.L diastereo- 
isomer also must involve some mechanism which is highly specific with 
respect to the configuration of the inhibitor. 

Leucine Peptides As Growth Factors—In Table II are given the concen- 
trations, in micromoles of peptide leucine per 10 ml., required to produce 


TaBLeE II 
Relative Growth-Promoting Activity of Leucine Peptides for Leucineless Mutant 


Test compound | balf 
pe per 10 ml. 
0.48 
0.48 
0.38 
L-Leucyl-L-tyrosine | 0.50 
Glycyl-L-leucine. | 0.36 
Glycyl-.-leucylglycine | 0.33 
| 0.30 
leucine | 0.42 


| 0.36 


* IXxpressed in leucine equivalents. 

t Estimated from concentration curves drawn by plotting the maximal optical 
density at each concentration of the test compound against the concentration used. 
At half maximal growth, the optical density is 0.125. 


half maximal growth of the leucineless mutant. These values were esti- 
mated from concentration curves obtained by plotting the maximal den- 
sity ultimately attained in the presence of each test concentration of pep- 
tide against the concentration used. In contrast to the other concentration 
curves, which were of the usual form (1, 2), the curve for G-Lt-LG-.t-L 
was S-shaped; at 0.1 and 0.2 um only about half of the peptide leucine 
appeared to be used, while at higher concentrations almost all the leu- 
cine became available for growth. 

In the range of concentrations giving half maximal growth, there were 
no marked differences among the various t-leucine peptides in their ability 
to substitute for t-leucine. As noted above, p-leucine peptides had no 
detectable growth-promoting action, even when they were present in con- 
centrations 500 times greater than the concentrations of analogous L- 
peptides which gave measurable growths 
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Since practically all of the L-leucine in peptide combination ultimately 
became available for growth, it must be concluded that the mechanism 
whereby the organism overcomes the inhibitory action of a peptide does 
not destroy that portion of the L-leucine residue required for growth. 
Complete hydrolysis of the peptides to yield L-leucine seems to be the 
most probable mechanism both for the reversal of the inhibition and for 
the process by which peptide leucine is made available for growth. 

Growth-Promoting Action of Acetyl-L-leucine—Previous experiments (1) 
showed that acetyl-t-leucine was not an active growth factor for the 
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ig. 2. Representative growth curves for the leucineless mutant in the presence 
of u-leucine (dash lines) and of mixtures containing 0.4 um per 10 ml. of L-leucine 
and increasing amounts of acetyl-L-leucine (solid lines). Curve A, 0.4 pum of L- 
leucine; Curve B, 2.4 um of t-leucine. The concentration of acetyl-L-leucine in 
each mixture is indicated, in micromoles per 10 ml., for each curve. 


leucineless mutant, although it spared the requirement for L-leucine. The 
amount of sparing action was found to be dependent upon the initial 
amount of L-leucine present in the medium. The data on which these 
conclusions were based were obtained by measurement of bacterial growth 
after 24 hours incubation. The activity of acetyl-t-leucine has been 
reinvestigated by following bacterial growth as a function of time. 

Fig. 2 contains a representative series of growth curves showing the 
sparing action of acetyl-L-leucine when 0.4 uM of L-leucine and increasing 
amounts of the acetyl derivative were present in the medium. Other 
tests for sparing action were carried out with mixtures of 0.1 or 0.2 um of 
L-leucine and up to 40 uM of acetyl-t-leucine. As is shown in Fig. 2, the 
growth curves were diphasic. During the first phase, the curves obtained 
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with the mixtures rose rapidly and were exactly like that for L-leucine 
alone. In the second phase, the rate of growth, except in the presence of 
very high concentrations of acetyl-L-leucine, was reduced and the slopes 
of the curves appeared to depend upon the concentration of acetyl-L- 
leucine originally present. Of all the mixtures tested, only that composed 
of 0.4 um of L-leucine and 30 uM of acetyl-L-leucine gave a growth curve 
in which there was no obvious change in slope. With mixtures containing 
0.2 um of L-leucine, the presence of as much as 40 um of the acetyl com- 
pound still gave a definitely diphasic curve, although the change in slope 
was not very great. With a mixture of 0.1 um of L-leucine and 40 uM of 
acetyl-L-leucine, the slope of the second phase was no more than half 
that of the first. 

Similar diphasic curves were obtained by allowing the organism to grow 
almost to the maximum in the presence of 0.4 um of L-leucine and then 
adding acetyl-L-leucine. Addition of at least 30 um of the acetyl deriva- 
tive was required to produce a second rapid rise in the growth curve, 
although only 0.2 um of additional L-leucine gave the same effect. It may 
be concluded, therefore, that, when mixtures of L-leucine and its acetyl 
derivative are present initially, the first phase of the curve represents 
growth on the L-leucine supplied in the medium, and the second phase 
growth on acetyl-L-leucine, which is gradually converted either to L- 
leucine or to another compound which serves in place of L-leucine. 

The utilization of acetyl-L-leucine for growth was not only slow but 
was also very inefficient since no more than a small fraction of the po- 
tential L-leucine became available for growth, From the final maxima of 
the diphasie curves, rough estimates were made of the percentage of 
acetyl-t-leucine which might have been converted to L-leucine to produce 
the extra growth obtained in the second phase. With mixtures containing 
0.1 um of L-leucine and 1 to 40 um of acetyl-L-leucine, the estimated L- 
leucine equivalence of the acetyl compound was | per cent. In the pres- 
ence of 0.2 um of L-leucine and 1 to 40 um of acetyl-L-leucine, the value 
was 2 per cent, and with 0.4 um of L-leucine and 1 to 30 um of acetyl-L- 
leucine it was 3 per cent. Clearly, the fraction of acetyl-L-leucine which 
becomes available for growth, as well as the rate at which it is used, de- 
pends upon the amount of t-leucine originally present in the medium 
and, thus, upon the number of cells in the culture at the time the supply 
of L-leucine is exhausted and growth on acetyl-L-leucine begins. 

The variation in the slopes of the growth curves during the second 
phase, showing an increased growth rate with increasing concentrations of 
acetyl-L-leucine, and the poor utilization of the L-leucine supplied as the 
acetyl derivative are similar to the results obtained with L-leucinamide 
(2). These two compounds probably are made available for growth by 
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enzyme systems which are relatively inactive compared to those involved 
in the utilization of the unsubstituted L-leucine peptides. 


Test Compounds 


Carbobenzoxyglycinhydrazide—10 gm. of carbobenzoxyglycine were dis- 
solved in 100 ml. of methanol containing 3.65 gm. of HCl. The solution 
was allowed to stand at room temperature for 36 hours, the solvent was 
removed in vacuo, and the residual syrup was dissolved in 50 ml. of meth- 
anol. 3 ml. of hydrazine hydrate were added; after 24 hours at room 
temperature, there had crystallized 7.2 gm. of the product; m.p. 116—117°. 


CyoH1303N3 (223.2). Calculated, N 18.8; found, N 18.5 (Dumas) 


Carbobenzoxryglycyl-L-leucinhydrazide—6.4 gm. of carbobenzoxyglycinhy- 
drazide were dissolved in a mixture of 50 ml. of water, 5 ml. of glacial 
acetic acid, and 3 ml. of concentrated hydrochloric acid, and converted to 
the azide in the usual manner by the addition of aqueous NaNO; (2.1 gm.). 
The azide was extracted with ethyl acetate, and the ethyl acetate solution 


_ was washed with water and dilute aqueous bicarbonate. After being dried 


over Na2SQ,, the azide solution was added to an ethyl acetate solution of 
L-leucine methyl] ester (prepared from 10 gm. of the hydrochloride), and 
the solution was left at room temperature for 24 hours. The mixture was 


then washed successively with dilute hydrochloric acid, dilute aqueous 


bicarbonate, and water, and then dried over Na,gSO,. On evaporation of 
the solution in vacuo, an oil (6 gm.) resulted which, on trituration with a 
few ml. of ethyl acetate, gave a crystalline material (0.25 gm.). This 
proved to be N ,N’-bis(carbobenzoxyglycyl hydrazine; after reerystalliza- 
tion from ethanol, it melted at 138°. 


aaOaN «. Calculated. 57.9, iH 6.3, N 13.5 
414.4 Found. ** 67.9, ** 5.7, 13.3 


The remainder of the coupling product was dissolved in 60 ml. of abso- 
lute ethanol, 1.5 ml. of hydrazine hydrate were added, and the solution 
was allowed to stand at room temperature. After 36 hours, 4.2 gm. of 
the carbobenzoxydipeptide hydrazide had crystallized. After recrystalli- 
zation from ethanol-ether, it melted at 134°. 


CisH »O.N, (336.3). Calculated, N 16.7; found, N 16.6 (Dumas) 


Glycyl-L-leucylglycine—2 gm. of carbobenzoxyglycyl-t-leucinhydrazide 
were converted to the corresponding azide in the usual manner. The 
ethyl acetate solution of the azide was added to an ethyl acetate solution 
of glycine ethyl ester (prepared from 5 gm. of the hydrochloride). From 
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the reaction mixture, 1.8 gm. of the carbobenzoxytripeptide ester were 
obtained; m.p. 109°. | 


(407.4). Calculated, N 10.3; found, 10.2 


1 gm. of the methyl ester was saponified in the usual manner to yield a 
syrupy carbobenzoxytripeptide, which was subjected to hydrogenolysis 
with palladium-black as the catalyst. Yield of tripeptide, 0.4 gm.; 
[a]?? = —41.8° (1.9 per cent in water). 


CyoH1,04N, (245.3). Calculated, N 17.1; found, N 16.9 


This tripeptide has been synthesized previously by a slightly different 
method (3); the optical rotation was [a]*4 = —41.2° (2.5 per cent in 
water). 

Glycyl-L-leucyl-L-leucine—The reaction between carbobenzoxyglycy]-L- 
leucinazide (prepared from 2 gm. of the hydrazide) and t-leucine methyl 
ester (prepared from 2.5 gm. of the hydrochloride) was conducted in the 
usual manner. 2 gm. of the carbobenzoxytripeptide ester were obtained; 
m.p. 131-132°. 


CosHgs0gN (449.5). Calculated, N 9.3; found, N 9.4 


Saponification of 1.3 gm. of this ester yielded a crystalline carboben- 
zoxytripeptide (0.7 gm.; m.p. 137°) which was converted to the free peptide 
by catalytic hydrogenolysis. Yield, 0.4 gm.; [a]** = —66.7° (1.7 per cent 
in N HCl). 


Cy,4HaOWN;. Caleulated. C 55.8, H 9.0, N 13.9 
301.3 Found. 55.5, 9.0, ** 13.8 


Glycyl-L-leucyl-p-leucine—This compound was prepared in a manner 
similar to that employed for the synthesis of the diastereoisomer. Yield 
of the carbobenzoxytripeptide ester, 1.9 gm.; mop. 117-118". 


(449.5). Calculated, N 0.3; found, N 94 


Saponification of | gm. of the ester gave 0.6 gm, of the carbobenzoxy- 
tripeptide (mop. 144-145") which was converted to the free peptide (0.3 
xm.) by catalytic hydrogenolysis, O° (1.5 per cent in N TECH, 


Caleulated, CC 55.8, N 13.9 
SOLS Found. 66.6, 9.1, 13.9 


(prepared from 2 
gm. of the hydrazide) and glycyl-L-leucine methyl ester (prepared from 
1.5 gm. of glycyl-i-leucine) were allowed to react in the usual manner. 
2 gm. of the carbobenzoxytripeptide ester were obtained; m.p. 89-91°. 


C,H (449.5). Calculated, N 9.3; found, N 9.3 
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Saponification of the ester gave a syrupy carbobenzoxytripeptide which 
was subjected to catalytic hydrogenolysis. Yield of free peptide, 0.4 gm.; 
[a]? = +5.6° (2.5 per cent in N HCl). 


Cy\«H27OiWNs (301.3). Calculated, N 13.9; found, N 13.9 


(pre- 
pared from 2 gm. of the hydrazide) and glycyl-L-leucine methyl ester 
(prepared from 1.5 gm. of glycyl-L-leucine) were allowed to react in the 
usual manner. 2.4 gm. of the carbobenzoxytetrapeptide ester were ob- 
tained; m.p. 88-90°. 


Co35H3s07N 4 (506.5). Calculated, N 11.0; found, N 10.8 


Saponification of 1 gm. of the ester gave a syrupy carbobenzoxytetra- 
peptide which was subjected to catalytic hydrogenolysis. Yield of free 
peptide, 0.5 gm.; [a]? = —52.6° (1.5 per cent in n HCl). 


CysHxOsN, (358.3). Calculated, N 15.6; found, N 15.7 


Most of the other leucine peptides employed in this study were synthe- 
sized by methods described previously. For the following compounds the 
bibliographic references are L-leucylglycine (3), L-leucylglycylglycine (4), 
t-leucyl-L-leucine (5), glycyl-p-leucine (6), glycyl-p-leucylglycine (3), 
glycylglycyl-L-leucylglycine (3), and L-prolyl-L-leucine (7). The t-leucyl- 
L-tyrosine and glycyl-L-leucine were Hoffmann-La Roche preparations. 


DISCUSSION 


The suggestion has been offered previously (8, 9) that certain of the 
peptide antibiotics may inhibit bacterial growth by interference with the 
incorporation of essential amino acids into the bacterial peptides and 
proteins, ‘This working hypothesis was based on the finding that penicillin 
inhibits the utilization of glycine for the growth of strain SF, but has no 
effect when glycine is offered to the organism as a component of a peptide, 
eg. Lleueylglyeine, A similar conclusion as to the possible réle of peni- 
cillin in blocking protein synthesis has recently been drawn from studies 
with Staphylococcus aureus (10), Such inhibition of protein synthesis by 
peptide antibiotics may well represent another general type of antime- 
tabolite action, in which the introduction of one or several key amino 
acids into peptide linkage is selectively blocked. It may be assumed that 
this action is exerted upon the enzymatic step or steps directly concerned 
with the formation of a peptide bond rather than upon one of the energy- 
vielding processes to which peptide synthesis must be coupled. Clearly, 
the inhibition of the latter reactions by an antibiotic would also prevent 
peptide synthesis, which is an endergonic process. Such a mechanism 
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may be involved in the action of aureomycin, which has recently been 
reported to block aerobic phosphorylation (11). 

The data presented in the present communication suggest that the 
bacteriostatic effect of synthetic leucine peptides on the growth of the 
leucineless mutant is due to a selective inhibition of the incorporation of 
L-leucine into peptide linkage. This inhibition may be overcome by 
cleavage of the inhibitory peptides by the bacterial peptidases. It would 
seem, therefore, that, by suitable variation of the chemical structure of the 
inhibitory peptides, synthetic antibiotic agents might be prepared which 
would combine the structural features necessary to block the incorporation 
of L-leucine into peptide linkage with those features which prevent rapid 
hydrolysis by bacterial enzymes (9). 


SUMMARY 


A study has been made of the growth response of a leucineless mutant 
of Escherichia coli to a number of leucine peptides. Most of the peptides 
of L-leucine exerted an inhibitory effect upon the initiation of logarithmic 
growth; in general, the duration of the lag phase of growth increased with 
increasing concentrations of peptide in the medium. However, approxi- 
mately the same amount of bacterial growth was ultimately attained in 
the presence of equivalent concentrations of t-leucine and of L-leucine 
peptides. None of the peptides of p-leucine had growth-promoting or 
growth-inhibiting activity for the leucineless mutant. Acetyl-L-leucine, 
which spared the requirement of the mutant for L-leucine, was utilized 
poorly as a growth factor in place of the amino acid. 
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THE SYNTHESIS AND MICROBIOLOGICAL PROPERTIES OF 
SOME PEPTIDE ANALOGUES* 
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(From the Departments of Chemistry, University of Colorado, Boulder, Colorado, 
and Florida State University, Tallahassee, Florida) 
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Previous investigations have shown that certain structural analogues of 
natural amino acids prevent growth owing to a competitive inhibition of 
the natural amino acid. For example, 6-2- and §-3-thienylalanine are 
powerful growth antagonists in rats and microorganisms, the antagonism 
being reversed by phenylalanine (1-4). Because of the current interest 
in the study of synthetic peptides and because of the general interest 
in antimetabolites, it seemed of value to prepare for biological study pep- 
tides containing various amino acid analogues. An example of such a 
peptide, glycyl-8-2-thienylalanine, the analogue of glycylphenylalanine, 
is shown in the accompanying diagram. 


NH: CH: CONHCHCOOH NH: CH: CONH CHCOOH 


CH, CH: 
| 


< > 


Glycyl-8-2-thienylalanine Glycylphenylalanine 


Some of the compounds prepared were studied as substrates for pro- 
teolytic enzymes, while others were studied as metabolites for micro- 
organisms. The present paper reports the synthesis of a number of ‘‘pep- 
tide analogues’’ and their utilization by microorganisms. The use of some 
of the carbobenzoxy peptides for-specificity studies with pancreatic car- 
boxypeptidase is reported elsewhere (5, 6). 

Synthesis of Compounds 

By the well known procedure of Bergmann and Zervas (7), the amino 
acid required as the first moiety of the desired peptide was acylated in 
the presence of 2 equivalents of alkali with a slight excess of carbobenzoxy 
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chloride. The purified product was converted to the acid chloride by the 
reaction with phosphorus pentachloride in anhydrous ether and then 
allowed to react in the presence of 2 equivalents of alkali with the amino 
acid required as the second moiety of the peptide. The difficulty of 
obtaining carbobenzoxyglycyl chloride in crystalline form was overcome 
by cooling the turbid ether-petroleum ether solution in a dry ice-acetone 
bath; in this way the acid chloride invariably crystallized immediately. 

The usual catalytic hydrogenation procedure for removal of the car- 
bobenzoxy group was not successful in the preparation of the free pep- 
tides of thienylalanine, even though the catalyst was prepared as recom- 
mended for the reduction of sulfur-containing compounds (8). Therefore, 
phosphonium iodide reduction (9) was used for removal of the carbobenz- 
oxy group from the peptide derivatives of thienylalanine. 

Carbobenzoxyglycyl-8-2-thienyl-pL-alanine—The acid chloride from 12.6 
gm. (0.06 mole) of carbobenzoxyglycine (7) was allowed to react in the 
usual manner with 10.2 gm. (0.06 mole) of 8-2-thienyl-pL-alanine (10). 
Yield, 19 gm. This compound, after recrystallization from ethyl acetate- 
petroleum ether, melted at 170-171°. 


(362.4) 
Calculated. C 56.34, H 5.00, N 7.76, neutral equivalent 362.4 
Found. 56.55, 4.98, 7.75, 366 


Glycyl-B-2-thienyl-pL-alanine—A solution of 10 gm. of carbobenzoxygly- 
cyl-8-2-thienyl-pt-alanine in 100 cc. of glacial acetic acid was treated with 
small portions of phosphonium iodide, with stirring, while hydrogen was 
passed into the solution, which was kept near 50°. The additions of 
phosphonium iodide were continued intermittently until the evolution of 
CO, ceased. The acetic acid was evaporated on a water bath under re- 
duced pressure until a dark syrup remained; this residue was mixed with a 
small volume of water and extracted with ether. The ether layer was dis- 
carded, and the aqueous layer was concentrated to dryness. The solid 
residue was dissolved in 100 cc. of hot absolute ethanol, filtered, and the 
hot solution neutralized with concentrated ammonia to pH 7. The free 
peptide precipitated as a white powder and was removed by filtration and 
washed, successively, with 95 per cent ethanol, absolute ethanol, and 
ether. Yield, 6 gm., or 80 per cent of the theory. The dipeptide dis- 
solved readily in hot water, and was recrystallized from ethanol-water; 
m.p. 270°. 


Caleulated. C 47.35, H 5.30 
228 Found, 47.07, ** 5.08 


This compound was prepared 
in the usual manner from 5.1 gm. (0.08 mole) of 6-3-thienylpt-alanine 
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(2, 4) and the acid chloride from 6.3 gm. (0.03 mole) of carbobenzoxygly- 
cine. Yield, 7 gm., or 65 per cent of the theory; m.p. 150°. 


(362.4) 
Calculated. C 56.34, H 5.00, N 7.76, neutral equivalent 362.4 
Found. “56.40, 4.92, 7.90, “ 358 


Glycyl-B-3-thienyl-pL-alanine—This free peptide was prepared from the 
carbobenzoxy derivative by reduction with phosphonium iodide as de- 
scribed above; m.p. 262°. 


Calculated. C 47.35, H 5.30 
228.3 Found. ** 47.30, ‘* 5.26 


Carbobenzox yglycyl-p-tolyl-DL-alanine—In the usual manner, 5.4 gm. (0.03 
mole) of p-tolyl-pL-alanine (11) were allowed to react with an equivalent 
amount of the acid chloride of carbobenzoxyglycine. Yield, 9 gm., or 82 
per cent of the theory. The compound was recrystallized from a small 
volume of ethyl acetate or ethanol; m.p. 150—-152°. 


CooH2O;N2. Calculated. C 64.84, H 5.99, neutral equivalent 370.4 
370.4 Found. 64.53, 5.92, “ 374 


Glycyl-p-tolyl-pL-alanine—This compound was prepared by the usual 
method of hydrogenation of the carbobenzoxy derivative in methanol with 
palladium catalyst. The free peptide dissolved slowly in hot water and 
crystallized from ethanol-water; m.p. 268°. 


C,2H:sO3N2. Caleulated. C 61 .00, H 6.838 
236.3 Found. 60.74, 6.77 


Carbobenzoxyglycyl-B-1-naphthyl-pL-alanine—13.1 gm. (0.06 mole) of 8- 
l-naphthyl-pL-alanine (12) were allowed to react with an equivalent 
amount of the acid chloride of carbobenzoxyglycine in the usual way. 
Yield, 22 gm., or 91 per cent of the theory. The peptide derivative was 
recrystallized from amyl acetate and from ethyl] acetate-petroleum ether; 
m.p. 185°. Carbobenzoxyglycyl-8-1-naphthyl-pL-alanine dissolved readily 
in strong aqueous alkali, but precipitated if the pH was lowered below 
about 8. It dissolved readily in warm ethanol and methanol. 


(406.4) 
Calculated. C 67.97, H 5.46, N 6.89, neutral equivalent 406.4 


Glycyl-B-1-naphthyl-pi-alanine— The free peptide was obtained in about 
37 per cent yield by catalytic hydrogenation of the carbobenzoxy deriva- 
tive. The peptide was only slightly soluble in hot water or in ethanol- 
water, It was purified by dissolving the hydrochloride in ethanol, fol- 
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lowed by neutralization with ammonia to precipitate the free peptide; 
m.p. 264°, 


CisHisN2O3. Calculated. C 66.16, H 5.92 
272.3 Found. ** 65.73, ** 6.09 


Carbobenzoxyglycyl-B-2-naphthyl-pL-alanine—4 gm. (0.02 mole) of B-2- 
naphthyl-pL-alanine (12) were allowed to react with the acid chloride of 
carbobenzoxyglycine in the usual way. Yield, 81 per cent of the theory; 
m.p. 179-182°. Recrystallization from ethanol raised the melting point to 
186°. This peptide derivative precipitated out of a weakly alkaline solu- 
tion. 


C23H2O05Ne. Calculated. C 67.97, H 5.46 
406.4 Found. ** 67.87, ** 5.29 


Carbobenzoxy-B8-2-thienyl-pL-alanylglycine—3 gm. (0.01 mole) of carbo- 
benzoxy-8-2-thienyl-pL-alanine (13) in 30 cc. of dry ether were allowed to 
react in the cold with 2.1 gm. of PCl;. The ether solution was filtered, 
treated with petroleum ether until turbid, and cooled. The acid chloride 
precipitated as an oil which did not crystallize. The oil was washed 
with petroleum ether, dissolved in ether, and the ether solution was added 
slowly with cooling and stirring to an aqueous solution containing 1 gm. 
of glycine and 2 equivalents of sodium hydroxide. After 30 minutes 
the reaction mixture was filtered, extracted with ether, acidified, and 
left in the cold to crystallize. The brown solid which formed was dis- 
solved in ethyl acetate, decolorized, and precipitated by the careful addi- 
tion of petroleum ether. Yield, 0.6 gm., or 17 per cent of the theory, 
calculated on the basis of the carbobenzoxy-8-2-thienyl-pL-alanine used; 
m.p. 139-140°. 


CizHisO;N2S. Calculated. C 56.34, H 5.00, neutral equivalent 362.4 
362.4 Found. ** 56.64, 5.28, 362 


B-2-Thienyl-pi-alanylglycine—The free peptide was obtained from the 
carbobenzoxy derivative by reduction with phosphonium iodide as de- 
scribed above. The product was a white powder, soluble in warm water, 
and was recrystallized from ethanol-water; m.p. 249°. 


C.H,20;N28. Calculated. C 47.35, H 5.30 
228.3 Found. 47.18, 4.98 


Carbobenzoxy-B-3-thienyl-pL-alanine—4.27 gm. (0.025 mole) of £8-3- 
thienyl-pL-alanine with 2 equivalents of alkali were allowed to react 
with a slight excess of carbobenzoxy chloride in the usual way. Yield, 
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95 per cent of the theory. When recrystallized from carbon tetrachloride, 


the melting point was 150°. 


CyH:sO,NS. Calculated. C 59.00, H 4.95 
305.34 Found. 59.10, 4.67 


Carbobenzoxy-B8-1-naphthyl-pi-alanine—This was prepared in the usual 
way by the reaction of carbobenzoxy chloride with §-1-naphthyl-pt- 
alanine, and recrystallized from ethyl acetate-petroleum ether; m.p. 142°. 
During the course of the reaction the product precipitated from the weakly 
alkaline solution and was dissolved by adding more alkali. 


CoH,O,.N. Calculated. C 72.19, H 5.48, N 4.00 
349.37 Found. 72.27, 5.40, 4.18 


Chloroacetyl-B-2-thienyl-pL-alanine—8.5 gm. (0.05 mole) of 8-2-thienyl- 
pL-alanine in 50 cc. of m NaOH were treated simultaneously, in the cold, 
with 5.65 gm. (0.05 mole) of chloroacetyl chloride and an additional 50 
ec. of M NaOH. The reaction mixture was extracted with ether, filtered, 
and acidified with concentrated HCl. The compound precipitated as an 
oil which solidified after standing for a few hours in the cold. Yield, 7.8 
gm., or 65 per cent of the theory. The chloroacetyl-8-2-thienyl-pL-alanine 
crystallized readily from hot benzene or from hot water; m.p. 128—129°.! 


CoH;oO;NSCI. Calculated. C 43.64, H 4.07, N 5.66 
247.7 Found. 44.16, 4.22, ** 5.66 


Chloroacetyl-8-3-thienyl-pL-alanine—By the procedure given above, this 
compound was prepared in 54 per cent yield, and was recrystallized from 
either hot water or benzene; m.p. 105-106°. 


C,H:00;NSCI. Calculated. C 43.64, H 4.07, N 5.66 
247.7 Found. 43.71, 4.00, 5.61 


Chloroacetyl-p-tolyl-pL-alanine—This compound was prepared in the 
usual manner and recrystallized from hot water or from benzene; m.p. 136°. 


Calculated. C 56.36, H 5.52, N 5.48 
255.7 Found. 56.29, 5.47, 5.73 


Carbobenzoxy-DL-phenylalanylglycine—The acid chloride from 9 gm. (0.03 
mole) of carbobenzoxy-p.L-phenylalanine was allowed to react with 2.2 
gm. (0.03 mole) of glycine in 2 equivalents of base, and worked up in the 
usual way. Yield, 7.3 gm., or 68 per cent of the theory. On recrystalliza- 
tion from ethyl acetate-petroleum ether the melting point was 158-159°. 


CypHooN2Qs. Calculated. C 64.03, H 5.66, N 7.86 
356, 36 ‘Found. ** 64.10, 5.75, 
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Carbobenzoxy-ptL-phenylalanylglycine was hydrogenated catalytically to 
produce the free peptide, which has been previously prepared and de- 
scribed (14). 


Escherichia colt Growth 


The E. coli employed in these tests is listed as 9723 ATCC; growth, 
after 16 hours incubation at 37°, was measured turbidimetrically. Solutions 
of the test compounds were added directly to the autoclaved medium 
immediately before inoculation. Each tube contained a total volume of 
7.9 Ce. 


‘TABLE I 
Inhibition of Growth of E. coli, Strain 9723, by Derivatives of Amino Acid Antagonists 


Compound 
mM X 10° per 7.5 ce. 
8.4 
750 
5,600 
9,840 
(13,750) * 
4.8 
960 
| 6,700 


* Maximum amount tested; only slightly inhibitory. 


The utilization of the peptides of the amino acid antagonists by micro- 
organisms was determined in terms of their effectiveness as growth in- 
hibitors. It is evident from Table I that the free peptides possessed about 
the same toxicity as the amino acid antagonists themselves. 50 per cent 
inhibition of the growth of EF. coli was produced by 6.1 X 10-* mm of 
8-2-thienyl-pL-alanine per 7.5 cc., 8.4 mm of glycyl-8-2-thienyl- 
pL-alanine, or 5.7 mm of §-2-thienyl-pL-alanylglycine. Similarly, 
50 per cent inhibition was produced by 3.5 & 107° mo of 8-3-thienyl-DL- 
alanine or by 4.8 mo of glycyl-8-3-thienyl-pL-analine. However, 
the activity of the acylated peptides and amino acids was of a different 
order of magnitude, being from 100 to several thousand times less effec- 
tive than the corresponding free amino acids or peptides. 

The utilization of the derivatives of pL-phenylalanine, p-tolyl-pL-alanine, 
and §-l-naphthyl-pi-alanine was determined in terms of the ability of 
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these compounds to reverse the toxicity of 8-2-thienyl-pL-alanine. Each 
of these free amino acids possesses an “antithienylalanine’’ effect in E. 
colt; in other words, they will stimulate growth in a medium which contains 
thienylalanine. In these studies, the growth-stimulating effect was meas- 
ured in the basal medium which contained, in addition to the test com- 
pound, 29 X 10-* mm of 8-2-thienyl-pL-alanine per 7.5 cc. This concen- 
tration of thienylalanine was more than twice the amount usually found 
necessary to inhibit growth completely. 


TaBLeE II 
Utilization of Amino Acid Derivatives for Reversal of Toxicity of 8-2-Thienyl-p.- 
alanine in E. coli, Strain 9723 


Coos 
mu 10° per 7.5 ce. 
826 
1,470 
| (16, 500) f 
2,800 
| 2,700 
| 4,000 
| (2,300) f 


* Kach compeund was tested against 29 10-* mm of 8-2-thienyl-pL-alanine, 
as explained in the text. 
+t Maximum amount tested; only slight growth. 


Table II shows that the free peptides of phenylalanine, glycyl-pL-phenyl- 
alanine and pi-phenylalanylglycine, reversed the toxicity of 8-2-thienyl- 
DL-alanine almost as effectively as did phenylalanine, 50 per cent reversals 
occurring at 9.0, 9.4, and 8.5 K 10~-* mm per 7.5 cc., respectively. 

The acylated peptides nullified the effect of 8-2-thienyl-pL-alanine only 
at high concentrations. 

Table II also presents the interesting observation that p-tolyl-pL-alanine 
reversed the effect of 8-2-thienyl-pL-alanine as effectively as did pi-phenyl- 
alanine. The glycyl peptide of p-tolyl-pt-alanine, however, was less than 
one-half as effective as the parent amino acid; 50 per cent reversal was 
obtained with 8.4 mm of p-tolyl-pL-alanine and with 22.6 107° 
mM of glycyl-p-tolyl-pL-alanine per 7.5 cc. 
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The peptide glycyl-8-1-naphthyl-pL-alanine was not utilized appreciably 
by E. colt. 


Yeast Growth 


In the preliminary studies made with Saccharomyces cerevisiae, Fleisch- 
mann’s strain 139, it appears that this organism can also utilize certain 
peptides, though less effectively perhaps than in the case of E. colt. From 
Table III it can be seen that 50 per cent inhibition is produced by 400 x 


TABLE III 


Inhibition of Growth of S. cerevisiae, Fleischmann’s Strain 139, by Derivatives of 
Amino Acid Antagonists 


Compound 
3,600 
Carbobenzoxyglycyl-8-2-thienyl-pL-alanine..................... (27 ,600) * 


* Maximum amount tested; only slight inhibition. 


TaBLeE IV 
Utilization of Derivatives of Phenylalanine for Reversal of Toxicity of 8-2-Thienyl- 
pL-alanine in S. cerevisiae, Fleischmann’s Strain 139 


Compound 
mM xX 106 per 7.5 ce. 
| (1400) 


* Each compound was tested against 1170 mm of 8-2-thienyl-pL-alanine 
per 7.5 ce. 
7 Maximum amount tested; only slight growth. 


10-* mo of 8-2-thienyl-pL-alanine per 7.5 cc., while nearly 10 times this 
amount of the peptide glycyl-8-2-thienyl-pL-alanine is needed for the same 
inhibition. The reversal studies presented in Table IV indicate that 
glycylphenylalanine will reverse 6-2-thienyl-pL-alanine inhibition, 50 per 
cent reversal occurring at about 2150 X 10-§ mm. ‘The same reversal is 
obtained by 1050 X 10-* mm of piL-phenylalanine. In these studies the 
growth-stimulating effect is measured in the presence of 1170 &K 10-* mm 
of B-2-thienyl-pL-alanine per tube. 

In testing the utilization of carbobenzoxy derivatives by yeast, it was 
found that up to 1400 X 10-* mm of carbobenzoxyglycyl-pL-phenyl- 
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alanine per 7.5 cc. showed no stimulatory effect, and up to 27,600 « 1076 
mM of carbobenzoxyglycyl-3-2-thienyl-pL-alanine failed to inhibit growth. 


DISCUSSION 


Since none of the peptides or other derivatives were found to be more 
effective than the corresponding free amino acids as growth stimulators or 
inhibitors for the microorganisms, and in most cases they were less effec- 
tive, it seems reasonable to assume that the free amino acid had to be 
formed prior to utilization. This is in agreement with the suggestion made 
by Simmonds, Tatum, and Fruton (15). If this actually is the case, then 
some interesting conclusions can be drawn concerning the activity of 
bacterial proteolytic enzymes and their ability to split various types of 
peptide bonds. 

With E£. coli it appears that the free peptides of thienylalanine are 
split in a manner similar to the corresponding peptides of phenylalanine: 
the peptides of thienylalanine inhibit growth about as well as the free 
thienylalanine; the peptides of phenylalanine stimulate growth about as 
well as does free phenylalanine. In other words, the thiophene ring and 
the benzene ring are similar as far as their effect on bacterial proteolysis 
is concerned. This conclusion is in agreement with the finding that crys- 
talline pancreatic carboxypeptidase splits carbobenzoxyglycyl-8-2-thieny]l- 
pL-alanine and carbobenzoxyglycyl-8-3-thienyl-DL-alanine at nearly the 
same rate as it does carbobenzoxyglycyl-pL-phenylalanine (6). Further- 
more, the position of side chain attachment on the thiophene ring does not 
appear to affect greatly the utilization of the peptide. 

The fact that 8-2-thienyl-pL-alanylglvcine inhibited at slightly lower 
concentration than the glycyl-@-2-thienyl-pL-alanine indicates that the 
order of attachment of the amino acids might influence the ease of split- 
ting. However, in the peptides of glycine and pi-phenylalanine the order 
of attachment of the amino acids did not seem to affect appreciably the 
ease with which they were utilized, and hence any definite conclusions on 
this point must await further study. 

The peptides of pi-phenylalanine were about as effective as pL-phenyl- 
alanine in stimulating growth, indicating that these peptides are readily 
split by the growing E. coli. However, glycyl-p-tolyl-pi-alanine was less 
than one-half as effective as p-tolylalanine, indicating that the methyl 
substituent on the phenyl ring interfered with the hydrolysis of the pep- 
tide by the bacterial enzymes. This is in agreement with the finding that 
carbobenzoxyglycyl-p-tolyl-pi-alanine was hydrolyzed about one-half as 
rapidly as carbobenzoxyglycyl-pL-phenylalanine by carboxypeptidase (6). 

The large naphthalene ring apparently interferes greatly with the split- 
ting of glycyl-6-1-naphthyl-pL-alanine, since this peptide showed no stimu- 
latory effect when tested up to 10 times the concentration of the free amino 
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acid needed for 50 per cent reversal of B-2-thienyl-pL-alanine inhibition. 
Similarly, it has been found that certain peptides of naphthylalanine are 
difficult to hydrolyze by carboxypeptidase (6). 

In all cases studied, the acylated peptides or amino acids were utilized 
much less effectively than the corresponding free peptides or amino acid. 
Furthermore, the nature of the acylating group greatly affected the ease 
with which the compound could be utilized. These findings may indicate 
something about the specificity of bacterial proteolytic enzyme activity 
in vivo. 


The authors wish to acknowledge the valuable technical assistance of 
Mrs. Anne E. Johnson in carrying out the microbiological studies. 


SUMMARY 


Peptides and other derivatives of 8-2-thienyl-pr-alanine, 8-3-thieny]l- 
DL-alanine, §-1-naphthyl-pL-alanine, p-tolyl-p1L- 
alanine, and pi-phenylalanine have been prepared. The utilization of 
some of these compounds by Escherichia coli and yeast has been studied in 
the following way. The derivatives of the amino acid antagonists were 
tested for growth inhibition, and the derivatives of the growth-stimulat- 
ing amino acids were tested for their ability to reverse 8-2-thienyl-pL- 
alanine inhibition. 

It was found that all of the free peptides of thienylalanine, pheny]- 
alanine, and p-tolylamine were readily utilized, while the peptide of 
naphthylalanine was not utilized. The acylated derivatives were utilized 
only at high concentrations. 
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ADENOSINETRIPHOSPHATASE ACTIVITY OF DESOXYRIBOSE 
NUCLEOPROTEIN FROM THYMUS* 
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(From the Department of Chemistry, Polytechnic Institute of Brooklyn, and the 
Department of Biology, Brooklyn College, Brooklyn, New York) 
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Numerous attempts have been made to isolate desoxyribose nucleo- 
proteins in their native form (1). The procedure of Mirsky and Pollister 
(2) with strong salt solutions has been shown (3, 4) to cause extensive dis- 
sociation of the nucleoprotein into the free nucleinate and histone com- 
ponents. A more recent method (5) which employs a combination of low 
ionic strength solvents and specific desoxyribonuclease inhibitors has 
yielded a thymonucleohistone' preparation which more nearly seems to 
approach the native state. 

The objective of the present investigation was to study the catalytic 
activity of the TNH preparations towards various types of phosphate- 
containing substrates, for it had previously been suggested (6) that chrom- 
osomal nucleoproteins might show enzymatic activity with compounds 
containing ‘‘energy-rich’’ phosphate bonds. 


EXPERIMENTAL 


Desoxyribose Nucleoprotein Preparations—The majority of the TNH pre- 
parations employed in these experiments were isolated in the following 
manner. Calf thymus tissue, which was either freshly obtained from the 
slaughter-house or stored in the frozen state (at —8°) for a period of not 
exceeding 7 weeks, was first homogenized in the Waring blendor with 5 
parts of 0.14 m NaCl solution, stirred, and then centrifuged. The sedi- 
ment was treated with the same solvent three to four times; hence most of 


* The data contained in this paper are taken from a thesis to be submitted by 
Gilbert Goldstein to the Graduate Faculty of the Polytechnic Institute of Brooklyn, 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. They 
were presented, in part, before the Division of Biological Chemistry of the American 
Chemical Society, at the 114th meeting at Washington, August 30-September 3, 1948. 
The preparation of the material for publication was made possible by a grant from 
the National Cancer Institute of the National Institutes of Health, United States 
Public Health Service. : 

' The following abbreviations are used: ADP, adenosinediphosphate; ATP, adeno- 
sinetriphosphate; DNA, desoxyribose nucleic acid; PNA, pentose nucleic acid; STN, 
desoxyribose nucleinate; TNH, thymonucleohistone. 
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the cytoplasmic proteins had been extracted. The residue, which con- 
sisted chiefly of nuclear material (7), was homogenized with the addition 
of 60 to 80 parts of distilled water. The desoxyribose nucleoprotein formed 
a dilute gel and was precipitated by adding NaCl (at a salt concentration 
of 0.14 m). The precipitate was suspended in a small volume of distilled 
water and homogenized. ‘These preparations, containing the nucleoprotein 
partly in the dissolved and partly in the suspended form, were used as the 
source of the enzyme in these experiments. The entire preparation was 
carried out as quickly as possible at 0° (except during homogenization and 
centrifugation). The above procedure is similar to previous methods de- 
veloped in this laboratory for isolating desoxyribose nucleoprotein material 
(5), except that no specific desoxyribonuclease inhibitors were added dur- 
ing the preparation. When citrate or arsenate was used as inhibitor of 
depolymerase action, the enzymatic activity of the resulting TNH prepara- 
tions towards adenosinetriphosphate was not affected. In addition, neither 
further purification of the crude material nor certain minor modifications 
of the procedure, e.g. the substitution of KCl] for NaCl, resulted in a loss 
of catalytic activity. Altogether, twelve nucleoprotein preparations from 
calf thymus were examined for their enzymatic activity in the course of this 
work. In addition to whole thymus tissue, several TNH preparations 
were made from isolated thymus lymphocytes. The nitrogen to phos- 
phorus ratio in nucleoprotein preparations from whole thymus tissue was 
determined. It was found to be 3.4 when citrate was used as the inhibitor 
of depolymerase action and 3.6 when arsenate was employed. The cor- 
responding value for another preparation which had been dried from the 
frozen state was 3.8. The nitrogen content of this material was 13.3 per 
cent and the phosphorus content was 3.5 per cent. The presence of desoxy- 
ribose nucleic acid was ascertained by its positive Dische reaction with 
diphenylamine and its characteristic, steep absorption band with the max- 
imum at 260 my. The optical density at that wave-length was 0.53, at a 
nucleoprotein concentration of 0.06 mg. per ml. Two TNH preparations, 
isolated recently by Mr. Gerald Orgel according to the above procedure, 
were kindly analyzed by Dr. Max M. Friedman with the following results: 
Preparation A, P, 2.0 per cent; DNA, 15.0 per cent; PNA, less than 1 per 
cent; Preparation B, P, 2.82 per cent; N, 14.3 per cent; DNA, 21.3 per cent; 
PNA, less than 1 per cent. 

Substrates—The catalytic activity of the desoxyribose nucleoprotein pre- 
parations was studied with the aid of the series of phosphorus-containing 
substrates, listed in Tables I and II. Of these, the adenosinetriphosphate 
was prepared by the method of Needham (8) from rabbit skeletal muscle. 
The phosphocreatine was a synthetic preparation (according to Zeile and 
Fawaz (9)) and was kindly placed at our disposal by Professor Severo 
Ochoa in the form of the secondary calcium salt. The B-glycerophosphate 
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and phenyl phosphate preparations were furnished by Dr. Max M. Fried- © 
man in the form of the disodium salts. The pyrophosphate was a com- 
mercial sample of c.p. grade. Those compounds which were in the form 
of insoluble calcium or barium salts were first dissolved in dilute HCl, then 
transformed into the soluble sodium salts by reaction with sodium oxalate 
and sodium sulfate respectively, and finally neutralized. The adenylic 
acid was used in the form of the free acid. The phosphoarginine was in 
the form of the soluble calcium salt with a degree of purity of 50 per cent; 
the remainder represented polysaccharide. The fructose-6-phosphate was 
86 per cent pure, while the ATP preparation was 90 per cent pure. 

Methods—The enzymatic activity of the nucleoprotein was determined 
in the following manner. The total nitrogen content of the nucleoprotein 
preparations was adjusted to 8 mg. per ml. by adding distilled water. As 
a rule, the test system was composed of 0.25 ml. of nucleoprotein suspen- 
sion,? 1.0 ml. of 10-* m substrate solution, 0.1 ml. of borate buffer, pH 8.6 
(containing 0.05 m boric acid and 9.008 Mm NaOH), and 0.05 ml. of 0.1 m 
CaCl, solution, amounting to a total of 1.4 ml. The final pH of the sys- 
tem was 8.0. The mixture was incubated for 60 minutes at 37°, with oc- 
casional agitation. At the end of the incubation period, the TNH was 
precipitated by the addition of 4.6 ml. of a 20 per cent solution of trichloro- 
acetic acid. After centrifuging, the inorganic phosphorus content of the 
clear supernatant fluid was determined with a Klett-Summerson photo- 
electric colorimeter by the method of Fiske and Subbarow (10), on a 3 
ml. aliquot. In the instance of creatine phosphate, the modification of 
Lowry and Lopez (11) was used in view of the lability of this substrate. 
Control experiments were performed on similar systems immediately after 
mixing, and appropriate blank determinations were carried out on mixtures 
from which either the nucleoprotein or the substrate had been omitted. 
The inorganic phosphorus originally present in the substrate solutions was 
subtracted from the final phosphorus concentration (the TNH preparations 
were found to contain only negligible amounts of inorganic phosphorus). 

The nitrogen content of the TNH preparations was determined by wet 
ashing with sulfuric acid and hydrogen peroxide, followed by nessleriza- 
tion and photoelectric measurement of the color formed. 

Catalytic Activity of Nucleoprotein Preparations towards Various Sub- 
strates—The substrates employed may be divided into two groups; namely, 
those containing energy-rich and low energy phosphate bonds (Lipmann 
(12)). 


It was found that under the above experimental conditions only adeno- 


?The nucleoprotein content of these suspensions amounted to approximately 5 
per cent. This concentration exceeds the solubility of the material in distilled water 
(about 1 per cent) and results in the formation of a gel containing finely dispersed 
nucleoprotein particles. 
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sinetri- and diphosphates were split by the TNH preparations at an appre- 
ciable rate, while the other compounds were either not attacked or to a 
much smaller degree. The results of a representative experiment in which 
the effect of a single nucleoprotein preparation (isolated from frozen thy- 
mus) on a series of phosphorus compounds was examined are summarized 
in Table I. 


TABLE 
Enzymatic Activity of Thymus Desoxyribose Nucleoprotein Preparation 


Substrate Inorganic phosphate liberated 
per hr. 
Knergy-rich phosphate compounds 


Low energy phosphate compounds 
Fructose-1,6-diphosphate. 
Inositol hexaphosphate (phytate)...................... 


en 


TABLE II 


Enzymatic Activity of Nucleoprotein Preparation from Calf Thymus towards 
Adenosine Phosphates and Potasstum Pyrophosphate 


Substrate | phosphate | Phosphate liberated 
per hr. moles 
Adenosinetriphosphate...................... 38.3 1.55 
Adenosinediphosphate....................... 23.0 0.82 
Adenosinemonophosphate (muscle adenylic 
Potassium pyrophosphate................... 0.4 0.01 


The relative rate at which adenosinetri-, di-, and monophosphates were 
split by another TNH preparation is shown in Table II. The data given in 
the last column indicate that both of the energy-rich phosphate bonds con- 
tained in ATP are attacked. 

All of the above tests were performed at pH 8.0, but when the effects of 
a nucleoprotein preparation on the same substrates were compared at pH 
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8.0 and 5.5, the absolute reaction rates were found to be smaller at the 
lower pH (except for the case of phenyl phosphate), while the relative rates 
were not significantly affected (see Table III). 

The results obtained in another experiment, with ATP, phenyl phos- 
phate, and four other substrates, are summarized in Table IV. In this 
instance, the rate of splitting of ATP remained nearly the same, while 
the amount of phenyl phosphate hydrolyzed decreased sharply when the 
pH was raised from 5.5 to 8.0. 


TaBLeE III 


Enzymatic Activity of Nucleoprotein Preparation from Thymus Tissue towards 
Adenosine Phosphates and Phenyl Phosphate at pH 5.5 and 8.0 


Inorganic phosphate liberated 
Substrate 
pH 5.5 pH 8.0 
¥ per hr ¥ per hr 
25.3 34.5 
Adenosinediphosphate....................... 13.3 19.5 
Adenosinemonophosphate................... 6.3 9.5 
Pheny] 9.0 4.2 
TaBLeE IV 
Enzymatic Activity of Thymus Nucleoprotein Preparations towards Various Substrates 
Inorganic phosphate liberated 
Substrate 

pH 5.5 pH 8.0 

per hr. per hr. 
Adenosinetriphosphate...................... 17.1 18.1 
Phytic acid (Na salt)....................... 0 0 
Arginine phosphate......................... 0 0 
8-Glycerophosphate......................... 0.9 1.0 
Phenyl phosphate........................... 10.2 1.5 
Glucose-1-phosphate................ 0 0.4 


For the experiments conducted at pH 5.5, a phthalate buffer (pH 5.2, 
containing 0.04 m potassium acid phthalate and 0.03 m NaOH) was em- 
ployed. 

Experiments on ATPase Activity of Nucleoprotein Preparattions—Twelve 
different TNH preparations, isolated from six different batches of calf 
thymus tissue, were examined for their activity towards ATP under the 
conditions outlined above. Six of these preparations were prepared with 
fresh thymus, while the remainder was obtained from frozen tissue, stored 
from 2 to 49 days at —8°. Two of the preparations were carried out with 


| 
of 


278 ATPASE ACTIVITY OF THYMONUCLEOHISTONE 


the aid of arsenate and one with citrate as depolymerase inhibitors. Some 
of the TNH fractions were tested for ATPase activity immediately after 
preparation; others had been stored for periods up to 2 days at 5° before 
being tested. The activity, in terms of micrograms of inorganic phos- 
phorus liberated at pH 8 from the ATP in 60 minutes at 37° by an amount 
of TNH corresponding to 2 mg. of N, varied from 18.1 to 46.3, averaging 
31.3. A homogenate, prepared from thymus lymphocytes without fur- 
ther purification, showed an ATPase activity of 36.7 y of P per hour, which 
decreased to 22.5 y of P per hour on standing at 5° for 2 days. Another 
preparation from thymus lymphocytes, representing essentially nuclear 
material (the cytoplasmic proteins had been removed by treatment with 
0.14 m Na@)), split ATP at a rate of 12.2 y of P per hour. 

One of the TNH preparations was further purified by dissolving it in a 
large volume of distilled water, precipitating it by the addition of sufficient 
mM NaCl to bring the salt concentration to 0.14 M, redissolving the nucleo- 
protein in water, and then finally reprecipitating it at 0.14 mM NaCl. The 
ATPase activity of the once precipitated material was 22.5 y of P per hour, 
of the twice precipitated material 23.1 y, and of the final preparation 21.3 
y. There was no appreciable change in the ultraviolet absorption spectrum 
of the material as a result of the purification processes. A second experi- 
ment, in which 2 X 10~* m sodium arsenate was used instead _of distilled 
water, gave similar results with regard to the ATPase activity of the various 
fractions. 

An attempt to separate the enzymatic activity from the nucleoprotein 
by the lanthanum method of Polis and Meyerhof (13) was not successful. 
The active principle is thermolabile: Immersion of the TNH preparations 
in a boiling water bath for 1 minute abolishes the activity towards ATP. 
Upon heating the preparation at 60° for 1 hour, the ATPase activity was 
decreased 80 per cent. Dialysis through cellophane, against large volumes 
of distilled water at 5° and for periods of up to 44 hours, failed to produce a 
significant decrease in enzymatic activity, indicating the absence of a low 
molecular coenzyme or of inorganic activators in freely diffusible form. 

Solutions of purified sodium desoxyribose nucleinate (STN) and of his- 
tone from calf thymus, when tested in equivalent concentrations, individ- 
ually and together, showed no catalytic activity towards ATP. The same 
was true for a mixture of STN and albumin. 

In order to obtain information on the affinity of the enzyme for ATP, the 
substrate concentration was varied from 1.03 * 1074 to 8.25 K 10-4 M 
ATP while a constant TNH concentration (2 mg. of N) was maintained. 
As may be seen from Fig. 1, a maximum rate of 36.5 y of P liberated per 
hour is reached at an ATP concentration of 0.71 * 10-‘M per liter. From 
this experiment, a Michaelis constant of 2.4 & 10-! mM may be derived by 
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graphical means. Another experiment, covering a comparable range of 
substrate concentrations and performed with a smaller amount (1 mg. of N) 
of another TNH preparation, yielded a value of 1.8 * 10-* m for the 
Michaelis constant. It should be noted that the tests for ATPase activity 
were generally carried out at an ATP concentration (6 X 10~* M) at which 
the enzyme was nearly saturated with substrate. 
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ATP— 
Fic. 1. Rate of hydrolysis of adenosinetriphosphate by a thymus nucleoprotein 
preparation as a function of substrate concentration. 


At a substrate concentration of 7 X 10-!m ATP, the reaction rate was 
found to be a linear function of the nucleoprotein concentration over the 
range from 0.25 to 2.0 mg. of N per 1.4 ml. of test system (see Fig. 2). As 
may be seen from Fig. 2, the slope of the two curves differed for the two 
preparations (A, B) examined without affecting their linear character. 
Preparation B, with lower specific activity, had been isolated from thymus 
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tissue which had been stored in the frozen state for 49 days, while Prepara- 
tion A, with the higher activity, was obtained from fresh thymus tissue. 
In order to study the kinetics of the reaction, the amount of ATP split 
by the two nucleoprotein preparations, A and B, under standard conditions 
was determined at 10 minute intervals over a range of 0 to 70 minutes. 
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Fic. 2. Effect of variation of nucleoprotein concentration on the rate of hydrolysis 
of adenosinetriphosphate by two different thymus nucleoprotein preparations (A 
and B). 


It was found that the time course of the reaction, catalyzed by Preparation 
B, was linear throughout, whereas that of the more active preparation (A) 
showed a decrease of the velocity after the first 30 minutes, although at the 
end of 70 minutes only 1.3 of the two energy-rich phosphate groups avail- 
able in the substrate had been liberated. 

Upon varying the temperature at which the TNH preparations were 
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allowed to act on ATP from 0-75°, an optimum was found near 52-55° 
(see Fig. 3). While the activity rose gradually from 15° to the optimum 
value, there was a steep drop between 60-65°. At 75°, the enzyme activity 
was practically zero. This decline is undoubtedly due to the thermal de- 
struction of the enzyme, since it was found that maintaining the TNH pre- 
paration for 1 hour at 60° produced a several fold decrease in catalytic ac- 
tivity as tested subsequently at 37° (Fig. 3). When the pH was shifted 
from 8.0 to 5.6, the position of the “temperature optimum” was not affected. 
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Fic. 3. Effect of temperature on the ATPase activity of a thymus nucleoprotein 
preparation. ©, data obtained on incubation of a nucleoprotein preparation with 
ATP for 60 minutes at the temperatures shown on the abscissa. X, the effect of 
exposure of the nucleoprotein preparation to these temperatures for 1 hour prior to 
testing for enzymatic activity at 37°. 


When the hydrion concentration was varied from pH 4.3 to 9.3, one pH 
Optimum was invariably observed at about pH 8.0. In addition, however, 
a second optimum was occasionally found near pH 5.6. Whenever this 
second optimum was absent, an inflection point in this region of the pH- 
activity curve was noted. Examples for these two types of curves are re- 
produced in Fig. 4. In the instance of preparations which exhibited the 
second type of pH-activity curve, the optimum at pH 8 was situated con- 
siderably above the inflection point, but was found to decrease with the 
aging of the TNH preparation. 
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In view of the many observations dealing with the effect of inorganic 
ions on the ATPase activity of myosin (14, 15), it seemed of interest to 
examine the behavior of some of these activators and inhibitors on the 
ATPase action of TNH preparations. Calcium ions, which are known to 
have a strongly activating effect on muscle ATPase, were found also to 
increase markedly the activity of the TNH material. Thus, at a calcium 
chloride concentration of 0.001 m the ATPase activity of nucleoprotein 
preparations rose as much as 45 per cent. Upon increasing the calcium 


60 
oO On 
A 
40 * 
A 
B 
LJ 
© 20 
Or 
do 
O 
3.0 5.0 7.0 9.0 10.0 


Fic. 4. ATPase activity of two nucleoprotein preparations (A and B) as a function 
of pH. Preparation A, nucleoprotein from frozen calf thymus tissue; Preparation 
B, nucleoprotein from fresh calf thymus tissue. 


concentration 7-fold the degree of activation was found to decrease rather 
than increase. At calcium concentrations below 10-* M, a similar decrease 
in activation was noted. Magnesium ions, whose effect on myosin ATPase 
is the subject of conflicting reports (8, 16), were found to have an activat- 
ing effect on thymus nucleoprotein ATPase (29 per cent at 0.001 m MgCl). 
Manganese, at 0.001 m concentration, also produced an increase in enzy- 
matic activity (19 per cent). The effect of cobalt chloride was found to be 
even smaller (14 per cent activation at 0.001 m). Potassium cyanide in 
0.001 m concentration produced a slight increase in activity (10 to 14 per 
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cent). An activation of myosin ATPase by cyanide has been reported by 
Binkley et al. (17). 

In agreement with previous observations on myosin ATPase (14), the 
various heavy metal salts tested, viz. ferric chloride, mercuric chloride, 
copper sulfate, and lanthanum acetate (13), produced inhibitions in the 
enzymatic activity of TNH preparations ranging from 41 to 69 per cent 
at 0.001 m concentration. Lead chloride, on the other hand, failed to pro- 
duce an inhibitory effect at the same concentration. Aluminum sulfate, 
zinc chloride, and silver nitrate produced inhibitions ranging from 16 to 
65 per cent at 0.001 mM concentration. Sodium fluoride, ferrous ammonium 
sulfate, and cysteine, when tested under similar conditions, showed no signif- 
icant effect on the enzymatic activity. All of the above compounds ex- 
hibited pronounced inhibitory effects when employed at 0.01 m concentra- 
tion. 


DISCUSSION 


It is of interest to note that the two substrates (ATP and ADP) attacked 
most readily by TNH preparations represent compounds containing ‘‘en- 
ergy-rich’”’ phosphate bonds (cf. Lipmann (12)). The question as to 
whether the catalytic activity resides in the nucleoprotein moiety itself or 
in an enzyme accompanying it during the isolation cannot be decided at 
present. 

It should be pointed out that enzymes acting on energy-rich phosphate 
compounds are widely distributed in nature (12, 14) and that ATPase ac- 
tivity, in particular, has been demonstrated in liver, tumor, and numerous 
other mammalian tissues (DuBois and Potter (18)), in spermatozoa, retina, 
yeast, and potatoes, in addition to its high concentration in muscle (cf. 
Ingelhardt (14)). In connection with the present experiments, the ob- 
servation of appreciable ATPase activity in nuclear fractions of rat liver and 
rat hepatoma, prepared from tissue homogenates by differential centrifu- 
gation (Schneider (19, 20)), is of special interest. It should be mentioned, 
however, that the same author also found significant ATPase activity in 
cytoplasmic fractions derived from the same tissues. 

The earlier discovery of the intimate association of ATPase activity with 
myosin (Engelhardt (14)) and actomyosin (Szent-Gyérgyi (15)) has raised 
the question of the identity of the contractile protein of muscle with the en- 
zyme which attacks adenosinetriphosphate. It seems significant that in the 
only instance in which a partial separation of this protein and the enzymatic 
principle has been reported (13) lanthanum salts were employed for the 
removal of the ATPase activity. The high affinity of lanthanum ions for 
nucleic acid and nucleoproteins (21) is well known. 

The specific ATPase activity of TNH preparations would appear to be 
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lower than that of myosin. Thus, Singher and Meister (22) found that 
0.24 mg. of rabbit myosin nitrogen will liberate 18 y of inorganic phosphorus 
from 37 y of total adenosinetriphosphate phosphorus upon incubation for 
30 minutes at pH 8.0 and 25°, with a total reaction volume of 3 ml. On 
the other hand, Needham (8) observed that 1.12 mg. of rabbit myosin 
nitrogen, in 60 minutes, liberates 75 y of inorganic phosphorus from 136 y 
of ATP phosphorus at pH 7.0 and 37° in a reaction volume of 1.65 ml. 
The enzymatic activity of TNH preparations here reported is of the same 
order as Needham’s value. 

With regard to the secondary pH optimum at about 5.6, observed in the 
instance of some of the TNH preparations, it should be noted that Meister 
(23) observed two pH optima (at pH 8.9 and 4.8) in his studies of the 
ATPase activity of human blood serum. This investigator considers his 
results compatible with the hypothesis that the two pH optima observed 
by him are due to different enzymes (see also Engelhardt (14) ). 

In this connection, the finding (24-26) deserves mention that the banded 
regions of giant salivary chromosomes which are rich in desoxyribose nucleic 
acid exhibit a marked phosphatase activity. All of the substrates employed 
by Krugelis (26) contained low energy phosphate bonds. In the light of 
the present experiments, it would seem desirable to extend these investiga- 
tions to substrates containing energy-rich phosphate bonds, such as ATP. 


SUMMARY 


The catalytic activity of desoxyribonucleoprotein preparations, isolated 
by mild procedures from calf thymus and thymus lymphocytes, has been 
studied with the aid of fourteen substrates containing high and low energy 
phosphate bonds. Of these, only adenosinetriphosphate and diphosphate 
are enzymatically attacked at significant rates. The others are either not 
split at all or only to a minor degree. The adenosinetriphosphatase ac- 
tivity of the nucleoprotein preparations has been studied with regard to the 
kinetics of the process and the effect of substrate and enzyme concentration, 
hydrion concentration, temperature, and of certain inorganic ions. Pre- 
liminary attempts to separate the enzymatically active principle from the 
nucleoprotein material have not been successful. 
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STEROIDS DERIVED FROM BILE ACIDS 


XII. ADRENAL CORTICAL HORMONES; INTRODUCTION OF 
A DOUBLE BOND* 


By VERNON R. MATTOX anp EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, Rochester, 
Minnesota) 


(Received for publication, July 28, 1950) 


Hydrogen bromide is eliminated from 3-keto-4-bromo steroids (1, 2) 
by formation of a 2 ,4-dinitrophenylhydrazone in acetic acid. By removal 
of the hydrazine moiety with pyruvic acid good yields of 3-keto-A‘-steroids 
can be obtained. 

A preliminary report (1) of the application of this method of dehydro- 
bromination to the preparation of adrenocortical hormones has been made. 
As soon as sufficient amounts of the essential intermediates became avail- 
able, the process was studied in more detail. 

When 3,11,20-triketo-4 , 12a-dibromo-21-acetoxypregnane (I)! (3) was 
treated with 2,4-dinitrophenylhydrazine, a good yield of the A‘-steroidal 
hydrazone (II) was obtained. The keto group at C-20 does not form a 
hydrazone under the conditions used. During cleavage of the hydrazone 
with pyruvic acid some hydrolysis of the acetate group at C-21 occurred 
and it was necessary to reacetylate the product. By removal of the atom 
of bromine at C-12 with zinc dust 3,11 ,20-triketo-21-acetoxy-A‘-pregnene 
(Compound A acetate) (IV) (4) was obtained. 

When (V) 
was treated in acetic acid with 2 ,4-dinitrophenylhydrazine in the presence 
of carbon dioxide and 1.5 equivalents of sodium acetate, the A‘-steroidal 
hydrazone (VI) was obtained in 80 to 84 per cent yield. With larger 
amounts of sodium acetate an eegrenian quantity of 4-acetoxy hydrazone 
(IX) was formed. 

Some A‘ *-steroidal hydrazone was formed when both sodium acetate 
(2) and carbon dioxide were used. The complete suppression of formation 
of the A‘*-*-steroidal hydrazone as a by-product has not. been accomplished 


* Presented before the Organic Division of the American Chemical Society, San 
Francisco, March 27-April 1, 1949. The elimination of hydrogen bromide from 3- 
keto-4-bromo steroids in acetic acid with 2,4-dinitrophenylhydrazine, phenylhydra- 
zine, and semicarbazide was first reported by us before the American Chemical So- 
ciety, New York, September 15-19, 1947. 

This work was supported in part by the Research Corporation, New York. 

‘The Roman numerals refer to the structural formulas in the accompanying dia- 


gram. 
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3 CHg0Ac CH20Ac 
Br C=0 


KR = 2,4-DINITROPHENYL 
and is still under investigation. 


In several preparations after regeneration 
of the keto group at C-3, even when great care was employed, the amount 


of A**-steroid? was from 0.7 to 0.1 per cent of the cortisone acetate. 


* The preparation of the 3-keto-A*-*-diene will be published in the near future. 
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Acetic acid can be eliminated from the 4-acetoxy hydrazone (IX) in a 
warm solution of acetic acid which contains about 0.5 equivalent of hy- 
drogen bromide or perchloric acid and the A‘-steroidal hydrazone (VI) is 
formed. 

Although the carbonyl group at C-3 could be restored from the hydra- 
zone (VI) with pyruvic acid and 0.1 N hydrogen bromide, better yields 
and a higher melting product were obtained when mineral acid was not 
used. Cortisone acetate* (VII) was obtained from the 3-(2,4-dinitro- 
phenylhydrazone) in 82 to 84 per cent yield. 

Reichstein and von Euw (6) have stated that the hydrolysis in alcoholic 
hydrochloric acid of esters with a side chain like that in cortisone acetate 
is inadvisable, since rearrangement and decomposition occur. However, 
we found that when cortisone acetate was hydrolyzed in aqueous methanol 
and 0.5 n hydrochloric acid the 21-hydroxyl derivative (VIII) was ob- 
tained in 77 to 80 per cent yield. In addition a by-product, C23H320s, 
was obtained in 5 to 10 per cent yield. It contained two methoxyl groups 
(Zeisel) and reduced Tollens’ reagent very slowly. The ultraviolet spec- 
trum indicated the presence of a 3-keto-A‘ system, and the infra-red spec- 
trum‘ showed that the compound did not contain a hydroxyl group. The 
structure of this by-product is under investigation. 

When (XII) 
(3) was treated with 2 ,4-dinitrophenylhydrazine in acetic acid which con- 
tained sodium acetate, a mixture of A'-hydrazone (XIII) and 2-acetoxy 
hydrazone (XV) was formed. Each of the hydrazones was converted to 
its corresponding 3-keto derivative by treatment with pyruvic acid. The 
2-acetoxy hydrazone (XV) was converted into the A!-hydrazone (XIII) 
when it was heated in a solution of acetic acid which contained hydrogen 
bromide. 


EX PERIMENTAL® 


The melting points were taken on a Fisher-Johns apparatus and re- 
corded as read. All rotations were taken at a concentration of approxi- 
mately 1 gm. per 100 ml. of solution and at 27° + 2°. The spectra were 
taken on a Beckman model DU spectrophotometer which had been stand- 
ardized against a mercury lamp. | 

3,11 ,20-Triketo-12a-bromo- 21-aceloxy-A‘-pregnene 3-(2 ,4-Dinitrophenyl- 
hydrazone) (11)—546 mg. of 3,11,20-triketo-4 , 12a-dibromo-21-acetoxy- 


(Compound has been named 
cortisone (5). 

‘ We are indebted to Dr. Harold L. Mason for the determination and interpretation 
of the infra-red spectrum. 

* Some of the compounds were analyzed in the laboratory of Merck and Company, 
Inc., Rahway, New Jersey; the remainder was analyzed by Mr. Joseph Alicino, Metu- 
chen, New Jersey. 
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pregnane (I) (3), 90 mg. of anhydrous sodium acetate, 240 mg. of 2,4- 
dinitrophenylhydrazine, 25 ml. of chloroform, and 25 ml. of acetic acid 
were sealed in an atmosphere of carbon dioxide. After 12 hours the so- 
lution was concentrated under reduced pressure to about 15 ml. and main- 
tained in an atmosphere of carbon dioxide for 16 hours. The red crystals 
which were removed by filtration and washed with acetic acid and water 
melted at 247-248° (decomposition). The hydrazone (561 mg.) was 87 
per cent of the theoretical yield and the filtrate contained 94 per cent of 
the theoretical amount of bromide ion. [a], = +113° + 2° (chloroform). 
Amax. (Chloroform) 387 my, € 31,200. 


Analysis—C23H;3;303N.Br. Calculated, C 53.96, H 5.15; found, C 54.10, H 5.01 


3,11 ,20-Triketo-12a-bromo-21-acetoxy-A‘-pregnene (III)—3.23 gm. of 
3-(2,4-dinitrophenyl- 
hydrazone) (II) were dissolved in 200 ml. of chloroform, the air in the 
flask was displaced with carbon dioxide, and 50 ml. of acetic acid, 50 ml. 
of pyruvic acid (approximately 81 per cent), and 10.0 ml. of 3.2 n hydro- 
gen bromide in acetic acid were added. After 6 hours at 45° in an atmos- 
phere of carbon dioxide, water and chloroform were added, the insoluble 
pyruvic acid 2,4-dinitrophenylhydrazone was filtered, and the aqueous 
solution was extracted with chloroform. The organic phase was washed 
with water, with sodium bicarbonate solution until the aqueous phase was 
colorless, and with water. The chloroform solution was dried and con- 
centrated under reduced pressure. Crystallization from methanol gave 
2.00 gm. of 3,11,20-triketo-12a-bromo-21l-acetoxy-A‘-pregnene which 
melted at 211-212°. The filtrate was evaporated to dryness under re- 
duced pressure and the residue was reacetylated in5 ml. of acetic acid 0.1 
N with hydrogen bromide. After 14 hours water was added, and the crys- 
tals were filtered, washed with water, and recrystallized from methanol. 
The product (104 mg.) melted at 210-211°. The yield was 90.5 per cent. 
After repeated crystallization from methanol the melting point was 215- 
216°. [a], = +84° + 2° (chloroform). Amax. (methanol) 238 my, e¢ 
16,400. 


Analysis—C2;H2,0;Br. Calculated C 59.36, H 6.28; found, C 59.41, H 6.58 


3,11 ,20-Triketo-21-acetoxy-A‘-pregnene (Dehydrocorticosterone Acetate) 
(I1V)—1.0 gm. of zine dust was added in portions to 931 mg. of 3,11 ,20- 
triketo-12a-bromo-21-acetoxy-A‘-pregnene (IIT) dissolved in 5 ml. of ben- 
zene and 20 ml. of glacial acetic acid. The solution was stirred and main- 
tained at 14-16° for 20 minutes, the zine was filtered, and the filtrate was 
concentrated under reduced pressure. The residue was dissolved in ben- 
zene and the benzene solution was washed with water and concentrated 
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to dryness under reduced pressure. Crystallization from acetone-ether 
gave 558 mg. of material which melted at 183-183.5° and did not depress 
the melting point of 3,11,20-triketo-21-acetoxy-A‘-pregnene (Compound 
A acetate) (4). [a], = +239° + 2° (dioxane) (7). From the filtrate 
two additional crops of crystals (165 mg., m.p. 182—183°; and 27 mg., m.p. 
176-177°) were obtained. 

3,11 ,20-Triketo-17a-hydroxy-21-acetoxy-A‘-pregnene 3-(2,4-Dinitrophen- 
ylhydrazone) (VI)—(a) 3,11,20-Triketo-4-bromo-17a-hydroxy-21-acetoxy- 
pregnane® (V) (3) (1.00 mm, [a], = +98° + 2°, acetone) was converted into 
3,11 ,20-triketo-17a-hydroxy-21-acetoxy-A‘-pregnene 3-(2 ,4-dinitrophenyl- 
hydrazone) by the procedure described for the preparation of II from its 
4-bromo precursor (I). The first crop of crystals (467 mg. = 80 per cent 
yield) melted at 232—235°; the second (53 mg.) melted at 187-202°. A 
sample purified by crystallization from chloroform-acetic acid melted at 
240-242°. XAmax. (chloroform) 387 my, e 30,500. 

(b) 402 mg. of 3,11,20-triketo-17a-hydroxy-21-acetoxy-A‘-pregnene 
(VII) and 178 mg. of 2,4-dinitrophenylhydrazine were dissolved in a mix- 
ture of 40 ml. each of chloroform and acetic acid at room temperature. 
After 24 hours the solution was concentrated under reduced pressure and 
462 mg. of crystals (m.p. 240—242°) were obtained. The crystals did not 
depress the melting point of the hydrazone described in the previous para- 
graph. The hydrazone is hygroscopic. About 0.5 molecule of water is 
absorbed from the atmosphere in 24 hours. Amax. (chloroform) 387 mu, 
e 30,800. 


Analysis—Co2H3OoN . Calculated. C 59.78, H 5.88, N 9.61 
Found. ** 59.58, 6.02, 9.58 


6 Improvements have been made recently in the preparation of 3,11,20-triketo- 
4-bromo-17a-hydroxy-2l-acetoxypregnane. A solution of 210 ml. of 1.00 N bromine 
(5 per cent excess) in glacial acetic acid, which contained 8.20 gm. of anhydrous sodium 
acetate, was added dropwise at room temperature with vigorous stirring to 0.100 
mole of 3,11,20-triketo-17a-hydroxy-2l-acetoxypregnane in 2000 ml. of acetic acid 
which contained 10 ml. of 0.70 nN hydroger bromide in acetic acid. The bromine 
solution was added during an interval of 30 minutes. Water was added until crystal- 
lization started and the solution was diluted to 7.3 liters. Yield 43.1 gm.= 89 per 
cent. [a]p = +95°+ 1° (acetone). The filtrate was concentrated to a small volume, 
extracted with chloroform, and the crude 2-bromosteroid which was obtained was 
reconverted into 3,11,20-triketo-l7a-hydroxy-2l-acetoxypregnane as already de- 
scribed (3). The main product was stirred for 20 minutes in 100 ml. of acetone, 200 
ml. of dry ethyl ether were added, and the solution was stirred for an additional 20 
minutes. Yield 33.8 gm. = 70 percent. [a]p = +102° + 1° (acetone). After evapo- 
ration of the filtrate under reduced pressure and retreatment of the residue as de- 
scribed, additional material (2.9 gm.= 6 per cent, [a]p = +99°+ 1° (acetone)) was 
obtained. These modifications were contributed by Warren F. McGuckin. Material 
with [a]p = +99° or more is satisfactory for treatment with 2,4-dinitrophenylhy- 
drazine. 
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(c) 64 mg. of 3,11,20-triketo-17a-hydroxy-4 ,21-diacetoxypregnane 
3-(2 ,4-dinitrophenylhydrazone) (IX) were dissolved in 9.0 ml. of warm 
acetic acid, and 1.0 ml. of 0.10 N perchloric acid in acetic acid was added. 
After 6 hours at about 60°, 1 ml. of 0.1 N sodium hydroxide was added 
and the solution was concentrated under reduced pressure. A solution 
of the residue in chloroform was washed with water and the product (30 
mg. of red needles), after two crystallizations from acetic acid, melted at 
240-241° and did not depress the melting point of VI. Amax. (chloro- 
form) 388 my, ¢ 30,400. A comparison of the spectral curve of this com- 
pound with those of 2 ,4-dinitrophenylhydrazones of 3-keto-A‘:*-steroids (8) 
in the region from 300 to 320 muy indicated that there was no A*:*-steroidal 
hydrazone present. 

3,11 (Cortisone Acetate) 
(VII)—(a) A solution of 3,11 ,20-triketo-17a-hydroxy-21-acetoxy-A‘-preg- 
nene 3-(2 ,4-dinitrophenylhydrazone) (VI) (15.78 gm.) in 541 ml. of chloro- 
form, 135 ml. of acetic acid, and 135 ml. of 81 per cent pyruvic acid was 
sealed in an atmosphere of carbon dioxide and placed in a thermostat at 
45°. After 48 hours the ultraviolet spectrum in chloroform of a small 
sample freed of acidic material indicated that the equivalent of 1.4 per 
cent of the starting material was present; however, the maximum at 396 
muy suggested that the hydrazone was largely that of the 3-keto-A‘*°-diene. 
The chloroform and most of the acetic acid were separated at 45° from the 
pyruvic acid with a water aspirator, and as much as possible of the pyruvic 
acid was removed with a Hyvaec pump. After addition of 600 ml. of chlo- 
roform 6.11 gm. of pyruvic acid 2,4-dinitrophenylhydrazone separated 
and were filtered. The chloroform solution was extracted three times 
with aqueous sodium bicarbonate, waghed with water, dried, and concen- 
trated under reduced pressure to 70 ml. 10 ml. each of acetic anhydride 
and pyridine were added and after 16 hours at room temperature the acetic 
anhydride was decomposed with ice. The chloroform solution at a volume 
of about 150 ml. was washed with dilute hydrochloric acid and water, 
dried, and concentrated almost to dryness. Two crops of material (9.06 
gm. and 0.72 gm.) were obtained from acetone; the final volume of the 
filtrate was 70 ml. 

After the addition of 250 ml. of methanol the solution was concentrated 
under reduced pressure to about 100 ml. A bright red hydrazone (124 
mg.) separated. Concentration of the filtrate under reduced pressure to 
dryness and addition of a small volume of acetone afforded more crystals 
(0.67 gm.). The crude 3-ketosteroid (10.45 gm., total) was dissolved in 
about 500 ml. of hot acetone and treated at the boiling point with three 
successive 1 gm. portions of decolorizing charcoal to give a pale yellow 
filtrate. Colorless cortisone acetate (8.58 gm., m.p. 246-247°) was ob- 
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tained upon concentration of the solution. Amax. (95 percent ethanol) 238 
mu, € 16,300, [a], = +184° + 4° (acetone). [a], = +214° + 2° (chloro- 
form).’ A second crop of crystals (340 mg., m.p. 239-241°) was obtained 
from the filtrate. Amax. (95 per cent ethanol) 238 muy, « 15,900. The 
total yield was 82 per cent. The molecular extinction coefficient at 280 
mu of these two crops indicated that the samples did not contain more 
than 0.58 and 0.67 per cent respectively of 3-keto-A*® compound. The 
calculation was made by subtracting 161, which is the value for the e at 
280 mu for highly purified cortisone acetate, from the e of the sample of 
cortisone acetate in question and dividing by the e of the corresponding 
3-keto-A‘ ®-diene at 280 mu (26,900). 

Removal of the hydrazine moiety with pyruvic acid is catalyzed by the 
presence of hydrogen bromide, and with 0.1 N hydrogen bromide in the 
solution the reversal of the hydrazone was complete in 6 hours. How- 
ever, the yield of VII was about 5 per cent lower when the catalyst was 
used than when it was omitted. 

(b) 128 mg. of 3,11,20-triketo-17a-hydroxy-4 ,21-diacetoxypregnane 3- 
(2 ,4-dinitrophenylhydrazone) (IX), 9.0 ml. of acetic acid, and 1.0 ml. of 
0.10 N hydrogen bromide in acetic acid were placed in a flask. The air 
was displaced with carbon dioxide, the flask was sealed under a slight 
vacuum, and after 6 hours at 60° the flask was cooled, and 0.10 ml. of 1.0 
N aqueous sodium hydroxide, 20 ml. of chloroform, and 5.0 ml. of 81 per 
cent pyruvic acid were added. The solution was sealed under carbon 
dioxide and maintained at 45° for 44 hours. Removal of the pyruvic acid 
2,4-dinitrophenylhydrazone, acetylation of the steroid, and crystalliza- 
tion from alcohol, performed in the usual manner, afforded 35 mg. of cor- 
tisone acetate (44 per cent yield) after drying at 115°. The melting point 
of the crude product (242-245°) was not depressed by admixture with 
3,11,20-triketo-17a-hydroxy-21-acetoxy-A‘-pregnene (VII). Amax. (95 per 
cent ethanol) 238 mu, e 14,300. At 280 my, e = 1500, which corresponds 
to about 5 per cent of 3-keto-A‘*-* compound. 

3,11 ,20-Triketo-17a ,21-dihydroxy-A‘-pregnene (Cortisone) (VIII)—10.00 
gm. of 3,11 ,20-triketo-17a-hydroxy-21-acetoxy-A‘-pregnene (VII) were dis- 
solved in 100 ml. of chloroform and 350 ml. of methanol and 34 ml. of water 
were added. The solution was cooled to 20° and 21 ml. of concentrated 
hydrochloric acid were added at such a rate that the temperature did not 
rise above 23°. After 48 hours at room temperature 1200 ml. of water 
were added and the solution remained at 5° for 24 hours. The crystals 
which formed were filtered, washed with water and chloroform, and dried 
at 105° for 2 hours. Yield 7.09 gm. (79 per cent), m.p. 227-229°.  Amax. 
(95 per cent ethanol) 238 muy, e 16,000. The aqueous phase was separated 


7 Determined by Warren F. McGuckin. 
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and extracted with chloroform. The chloroform solution was washed with 
water and concentrated under reduced pressure to give a second crop of 
276 mg. (3 per cent), m.p. 222—226°. By crystallization from acetone a 
sample was obtained which melted at 230-231°. [a], = +212° + 2° 
(95 per cent ethanol) (9). 

3,11 ,20-Triketo-17a-hydroxy-4 ,21-diacetoxypregnane 3-(2 ,4-Dinitrophen- 
ylhydrazone) (1X)—462 mg. of 3,11,20-triketo-17a-hydroxy-4 ,21-diace- 
toxypregnane® (X) and 238 mg. of 2,4-dinitrophenylhydrazine were dis- 
solved in 15 ml. of acetic acid at room temperature. After 20 hours orange 
crystals (480 mg., m.p. 244—245°; 45 mg., m.p. 241-242°) were obtained. 
A purified sample melted at 245-247°. max. (chloroform) 358 my, ¢ 22,000. 


Analysis—C3,H3s01.N4. Calculated. C 57.93, H 5.96, N 8.72 
Found. §7.75, ‘* 5.70, 9.22 


Dimethoxy By-Product of Hydrolysis (XI)—The chloroform mother liq- 
uor from the preparation of cortisone (VIII) was concentrated to dryness 
under reduced pressure and large, dense crystals were obtained from 95 
per cent ethanol. Yield 555 mg., m.p. 155-160°. After several recrys- 
tallizations from 95 per cent ethanol a product was obtained which melted 
at 163-164°. It reduced Tollens’ reagent very slowly. [a], = +214° 


+ 2° (acetone). Amax. (methanol) 238 muy, e 15,500. 


Analysis—C23H 32035. Calculated. C 71.10, H 8.30, CH;0O 15.97 
Found. “71.44, 8.438, 15.16 


3,11 3-(2,4-Dinitrophenyl- 
hydrazone (XIII)—(a) 3 ,11,20-Triketo-2 - bromo-17 a-hydroxy-21-acetoxy- 
pregnane (XIT) (3) (1.00 mm; [a], = + 51° + 2°, acetone) was treated with 
2 ,4-dinitrophenylhydrazine and sodium acetate as described in the prep- 
aration of VI. The yellow product (414 mg.) melted at 250-258°. The 
filtrate contained 65 per cent of the theoretical amount of bromide ion. 
The crystals were dissolved in 50 ml. of chloroform and 100 ml. of acetic 
acid which contained 82 mg. of sodium acetate. After 30 minutes at 60° 
the solution was concentrated under reduced pressure and the residue was 
distributed between chloroform and water. The aqueous phase contained 
32 per cent of the theoretical amount of bromide ion. The organic phase 
was concentrated and orange crystals (173 mg., m.p. 254—258°) were ob- 
tained from acetic acid. ‘The product, crystallized from chloroform-acetic 
acid, gave 156 mg. of material, m.p. 265-266°. Amex. (chloroform) 381 
muy, € 28,300. 


Analysis—C2,H3sOoN4. Calculated, C 59.78, H 5.88; found, C 59.56, H 5.95 


8 This compound was kindly supplied by Merck and Company, Inc. 
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(b) To 13 mg. of 3,11,20-triketo-17a-hydroxy-2 ,21-diacetoxypregnane 
3-(2 ,4-dinitrophenylhydrazone) (XV) in 1.0 ml. of acetic acid were added 
2 drops of 2.3 nN hydrogen bromide in acetic acid and the solution was 
heated on the steam bath in an atmosphere of carbon dioxide for 2 minutes. 
Crystals (6 mg., m.p. 248-251°) separated when the solution was cooled. 
After recrystallization from acetic acid the orange product melted at 263- 
265° and did not depress the melting point of XIII. Ajax. (chloroform) 
381 mu, € 28,300. 

3,11 ,20-Triketo-17a-hydroxy-21-acetoxy-A'-pregnene (XIV)—A _ solution 
of 100 mg. of 3,11 ,20-triketo-17a-hydroxy-21-acetoxy-A!-pregnene 3-(2 ,4- 
dinitrophenylhydrazone) (XIII) in 14 ml. of chloroform, 3.4 ml. of acetic 
acid, and 3.4 ml. of 81 per cent pyruvic acid was kept in a sealed flask in 
an atmosphere of carbon dioxide at 45° for 72 hours. Chloroform was 
added and the organic phase was washed with water, sodium bicarbonate 
solution, and water, and evaporated to dryness. The residue was dis- 
solved in 10 ml. of acetone and the yellow impurities were removed with 
small (15 mg.) additions of activated carbon. The solution was filtered 
and the solvent was removed under reduced pressure. The residue was 
acetylated with 2.0 ml. of acetic anhydride and 2.0 ml. of pyridine, and 
the reagents were removed in the usual manner from a solution of the 
steroid in chloroform. After removal of the solvent the residue was crys- 
tallized from chloroform-absolute ether. Yield 50 mg., m.p. 245—-246°. 
A mixture of this material and VII melted at 225-233°. [a], = +138° 
+ 2° (acetone). Amax. (methanol) 225 muy, e 9130. 


Analysis—C2;H300.5. Calculated, C 68.63, H 7.51; found, C 68.34, H 7.52 


3,11 ,20-Triketo-2 ,21-diacetoxy-17a-hydroxypregnane 3-(2,4-dinitrophen- 
ylhydrazone) (XV)—966 mg. of 3,11 ,20-triketo-2-bromo-17a-hydroxy-21- 
acetoxypregnane (XII), 480 mg. of 2,4-dinitrophenylhydrazine, and 1.64 
gm. of anhydrous sodium acetate were dissolved in 50 ml. of chloroform 
and 50 ml. of acetic acid at room temperature. After 24 hours the solu- 
tion was maintained at 60° for 30 minutes and was then concentrated 
under reduced pressure, chloroform was added, and the organic phase was 
washed with water. The aqueous phase contained 98 per cent of the 
theoretical amount of Br~. The chloroform was displaced under reduced 
pressure with acetic acid and the solution was concentrated to about 15 
ml. Orange crystals of XIII separated (304 mg. = 26 per cent; m.p. 265- 
267°). The filtrate was concentrated under reduced pressure almost to 
dryness and 842 mg. of a yellow hydrazone separated in three crops from 
chloroform-methanol. The yellow product was dissolved in benzene and 
adsorbed on 40 gm. of magnesium silicate-infusorial earth (1:3). The 
fraction which was eluted with benzene and 0.5 per cent methanol (192 mg., 
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m.p. 203-205°) was crystallized to a constant melting point (208-210°) 
from chloroform-methanol. Amex. (chloroform) 365 my, « 25,600. The 
analysis of the compound corresponded to a monohydrate. 


Analysis—C3HxO1:.N.-H.O. Calculated, C 56.35, H 6.10; found, C 56.36, H 6.36 


A sample which was dried under reduced pressure at 138° over P.O; 
lost 3.1 per cent (2.73 = 1 molecule of H.O) and gave the correct analysis 
for the hydrazone (XV). 


Analysis—C3,H330,:) 4- Calculated, C 57.93, H 5.96; found, C 58.07, H 5.99 


It was found that the compound was hygroscopic. A portion of the 
sample which was used for the original analysis lost 3.2 per cent in 30 min- 
utes at 153° over PO; at 0.1 mm. pressure. The dried sample gained 
3.2 per cent in weight upon exposure to the atmosphere for 4 hours. No 
additional weight was gained in 16 hours. The water is also lost at 100° 
and 0.1 mm. pressure. 

The 2-acetoxy steroidal hydrazone (XV) has also been prepared by 
treatment of XVI with dinitrophenylhydrazine in acetic acid. 

3,11 ,20-Triketo-2 ,21-diacetory-17 a-hydroxypregnane (XVI)—The 
trates from the preparation of XIII from XII were combined and concen- 
trated to dryness. The residue dissolved in 40 ml. of chloroform, 10 ml. 
of acetic acid, and 10 ml. of 81 per cent pyruvic acid was maintained in a 
closed flask at 45° for 68 hours. Chloroform was added and the removal 
of the 2,4-dinitrophenylhydrazone of pyruvic acid and acetylation were 
carried out in the usual manner. The chloroform solution of the acety- 
lated product was concentrated to dryness under reduced pressure, the 
residue in 95 per cent ethanol was decolorized with activated carbon, and 
the solution was concentrated to small volume under reduced pressure. 
The colorless crystals which formed were dried at 105°. Yield 85 mg., 
m.p. 245-248°; 34 mg., m.p. 240-245°. After crystallization from chloro- 
form-absolute ether the melting point was 250-251°. In methanol the com- 
pound had no selective absorption between 220 and 320 mz. [a], = +32° 
+ 2° (acetone). 


Analysis—C2;H3,03. Calculated, C 64.89, H 7.41; found, C 64.60, H 7.35 


SUMMARY 


The preparation of 3,11 ,20-triketo-21-acetoxy-A‘-pregnene and 3, 11 ,20- 
triketo-17a-hydroxy-21l-acetoxy-A‘-pregnene in good yields from the cor- 
responding 3-keto-4-bromo derivatives by a new method of dehydrobromi- 
nation is described. The method consists of formation of a 2 ,4-dinitro- 
phenylhydrazone of the 3-keto-a-bromo steroid, which spontaneously loses 
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hydrogen bromide, and subsequent restoration of the 3-keto group by re- 
moval of the 2 ,4-dinitrophenylhydrazine moiety with pyruvic acid. 

In acetic acid in which there is an appreciable concentration of a base 
such as sodium acetate or pyridine, 3,11 ,20-triketo-4-bromo-17a-hydroxy- 
2l-acetoxypregnane and 2,4-dinitrophenylhydrazine afford both the A‘ 
derivative and some of the 4-acetoxy dinitrophenylhydrazone,which by 
treatment with hydrogen bromide in acetic acid is converted into the cor- 
responding A‘-hydrazone. Under similar conditions 3,11 ,20-triketo-2- 
bromo-17a-hydroxy-21l-acetoxypregnane yields both the A! derivative and 
some 2-acetoxy dinitrophenylhydrazone which is converted by treatment 
with hydrogen bromide in acetic acid into the A’-steroidal dinitrophenyl- 
hydrazone. 

3,11 ,20-Triketo-17a -hydroxy -21-acetoxy-A‘-pregnene was converted 
into the 21-hydroxy compound in about 80 per cent yield by treatment 
with hydrochloric acid in aqueous methanol. 
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DISTRIBUTION STUDIES 


NIT. SEPARATION AND ESTIMATION OF THE HIGHER NORMAL 
FATTY ACIDS 


By GUY T. BARRY, YOSHIO SATO, anp LYMAN C, CRAIG 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, August 4, 1950) 


The possibilities inherent in the counter-current distribution method 
for the separation of the higher aliphatic acids have thus far received 
little attention in spite of the experience with the lower members (1, 2). 
In fact, the approach appears to have been dismissed with the belief that 
it could not be applied to those members above valeric acid. None the 
less, little difficulty was found in this laboratory in developing systems 
for suitable separation of the normal fatty acids up to Cis, even with the 
older distribution machines of the steel type (3). Publication of the 
results has been withheld pending a balanced appraisal of the improve- 
ment offered by the newer glass models, soon to be described. However, 
in view of the considerable number of steel machines now employed in 
this country, it was thought advisable to publish sufficient data to make 
the method of general use. 

Most of the data reported here will be given in the form of distribution 
patterns which, from the standpoint of this study, certainly give the most 
pertinent information. All the factors of primary importance, such as 
the conformance to the ideal, including the deviations from linearity of 
the partition isotherm, etc., can readily be derived from the patterns. 

In regard to the time required to reach equilibrium at each stage, a 
surprisingly short time was found necessary. With the method of study 
previously reported for the penicillins (4) it appeared that ten inversions 
(backward and forward) for the aliphatic acids would be sufficient to 
reach equilibrium. Fig. 1 shows the result of such a rate study with 
butyric and capric acids. ‘The systems used for this investigation were 
those employed for the isolation and identification of the acids. 

With a perfectly operating apparatus quantitative recovery of the 
entire material should be easy unless it has considerable volatility or is 
not quantitatively separable from the solvents and buffers in the system. 
However, an actual demonstration that all the conditions necessary to 
obtain quantitative recovery are easily attainable is worth while. For 
this it is desirable to have pure acids and synthetic mixtures, the composi- 
tion of which is known with certainty. 
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This study would have been greatly facilitated if adequate samples of 
each acid in a high state of purity for the entire investigation had been 
available. This was not the case, although more recently we have been 
fortunate in having limited amounts of highly purified samples of capric, 
palmitic, and stearic acids kindly placed at our disposal by Dr. H. J. 
Harwood of Armour and Company. Our studies thus far have not re- 
vealed significant amounts of impurities in these samples. The other 
acids employed were from various commercial sources. Nearly all of 
these showed varying amounts of impurity and it was necessary in some 
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Fic. 1. Rate of establishment of equilibrium. Upper graph, capric acid; lower 
graph, butyric acid. Solid lines, from upper phase; dash lines, from lower phase. 


cases to purify them. Others were used as such in making up the artificial 
mixtures, after determination of the composition by a separate distribution. 

When only a hand-operated distribution machine is available, a choice 
of limited range of over-all partition ratio of the mixture, 7z.e. 0.1 to 10, is 
advisable because of the work involved in going to high numbers of trans- 
fers. Therefore the mixed acids were studied in groups, each group 
containing three or four acids so that all the members of a group would 
occur in a range of partition ratio suitable for their clear-cut separation. 
The groups studied were the following: C2 to Cs (1), Cs to Cs, Cs to Cu, 
and Cu, Cis, and Cis. 

Separation of C's to Cs Aliphatic Acid Group—The experimental procedure 
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was essentially that reported previously (1) for the acids Cz to Cs. The 
synthetic mixture for the separation consisted of 51.4, 51.0, 57.1, and 49.8 
mg. of the Cy to Cy acids, respectively. The distribution system was iso- 
propyl ether and | M potassium phosphate buffer at pH 7.7 with the vol- 
umes 15 cc. for the upper and 9.7 cc. for the lower phase. 52 transfers 
were applied with the 54 tube steel apparatus (3). Every tube analyzed 
after the distribution was acidified with 1 to 2 cc. of 8 m phosphoric acid 
and the phases were thoroughly shaken. This single acid extraction was 
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Fic. 2. Separation of Cs, Ce, Cz, and.Cs acids. @, experimental; dash lines, cal- 
culated. 


sufficient to transfer quantitatively the acids to the upper phase. An ali- 
quot of the upper phase was then taken from each of the acidified tubes, 
and most of the solvent evaporated at reduced pressure under conditions 
preventing loss of the acid. Each residue was diluted with 1 cc. of etha- 
nol and titrated with standard alkali against phenolphthalein. 

The distribution pattern obtained by plotting the titration values versus 
the tube number is shown in Fig. 2. Quantitative evaluations were made 
after fitting theoretical curves (5) toeach band. The recoveries of the acids 
in each band, reading from left to right in Fig. 2, were 100.6, 98.0, 94.1, 
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and 93.2 per cent for the acids from C,; to Cs, respectively. Since the re- 
coveries of the C; and Cs, acids were 3 to 4 per cent lower than expected, 
the purity of the original samples of the acids was in question. Therefore, 
each of the four acids was distributed separately in the isopropyl ether and 
1 M potassium phosphate buffer system. Both the Cs and Cg acids gave 
the expected recoveries. The C7 acid gave a distribution pattern with 
approximately 5 per cent of the material in the Cs and Cz regions. The 
C's acid pattern showed approximately 5 per cent of a component with a 
higher partition coefficient than that of the Cs acid. However, for these 
two acids, the fit of the calculated curves with the experimental, Fig. 2, 
is satisfactory, and, when the proper correction for the Known impurity is 
applied, the recovery of the respective acids under each band is within the 
allowable error of +3 per cent. 

It is of some interest to note that the same clear-cut separation could 
have been obtained with either a 5-fold or 0.2 concentration of the acids 
in the mixture with this equipment. The lower limit is set by the analyti- 
cal sensitivity, and the upper limit by deviations from linearity of the 
acid partition isotherms at the higher concentrations. 

Separation of Cs to Cy, Aliphatic Acid Group—For the separation of the 
acids in the third group, a synthetic mixture containing 51.3, 49.7, 48.8, 
and 50.4 mg. of each acid respectively was prepared. The distribution 
system was n-heptane and 0.5 m potassium phosphate buffer at pH 7.7 
with 10 cc. volumes for each phase. The sample was scattered initially 
in the first three tubes. 105 transfers were applied with a _ train con- 
taining 108 separate units (3). 

The analytical procedure was similar to the one just hiatal: with 
the exception that the aliquots were warmed (approximately 50°) with 
hot water during the evaporation of the solvent. 

The distribution pattern is given in Fig. 3. The recovery of the Ci» and 
Cy, acids could not be quantitatively calculated by the conventional 
method (5) because skewed distributions were obtained. The recoveries 
were calculated instead by a simple summation of the amounts of the two 
acids under the curves. Reading from left to right, Cs to Cu, the recov- 
eries of the four acids were 96.6, 97.3, 104.5, and 100.0 per cent, respec- 
tively. 

A similar result would be obtainable with 52 transfers in the 54 tube 
steel apparatus, but the quantitative determination would be somewhat. 
less certain because of the skewed distributions. Higher numbers of 
transfers, made possible with the glass apparatus, are desirable when devi- 
ations from the ideal must be overcome. 

Separation of Cys, Cie, and Cys Aliphatic Acid Group—The separation of 
the acids of the last group was performed on a mixture containing 47.8, 
38.8, and 38.9 mg. of Cy, Cis, and Cys acids, respectively. The distribu- 
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tion system consisted of 1 volume of 2,2,4-trimethylpentane (isooctane) 
equilibrated with a mixture of half volumes each of methanol and forma- 
mide. The volumes for the distribution were 5 cc. for the upper phase 
and 9.7 cc. for the lower. The sample was scattered initially in three 
tubes. <A total of 71 transfers was applied in the 53 tube steel apparatus 
with the alternate withdrawal technique (3). Analysis of the aliquots was 
performed as described in the previous experiments. 

The results of the aliquot titrations are plotted in Fig. 4. The method 
of analysis led to low recoveries, 74, 81, and 88 per cent, respectively. To 
avoid complicating the isolation procedures further, correction fac- 
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Fic. 3. Separation of Cs, Cs, Cr, and Cy acids. @, experimental; O, cal- 
culated. 


tors based on these figures could be used in calculating future recoveries. 
A fraction of the acids was recovered in a crystalline form from each peak. 
This material gave melting points which agreed within 0.3° with those 
obtained for the purest acids we have been able to obtain. 

In attempting to find systems for the separation of the aliphatic acids 
higher than Cy, it was found that aqueous systems could not be employed 
because of the tendency to form stable emulsions at a more alkaline pH 
and thus prevent separation of the phases. At a more acid pH, the solu- 
bility of the acids in water was too low to give suitable partition ratios 
for effective separation. Several systems containing two or more of the 
following solvents, methoxyethylene glycol, methanol, heptane, and 2 ,2,4- 
trimethylpentane, were found which would allow separation of the acids, 
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but none of these systems gave strictiy linear partition isotherms. The 
problem of the tendency to give skewed distributions with these acids and 
steps to overcome it will be made the subject of a separate communi- 
cation. 

It appeared of some interest to study the effect of the position of the 
double bond in fatty acids on the partition ratio in systems of this type. 
Samples of isomeric hexenoic acids were kindly placed at our disposal for 
this purpose by Dr. E. V. Brown of Fordham University. Each acid was 
distributed separately and thus studied for purity. All gave satisfactory 
distribution behavior in the system isopropyl] ether-2 mM potassium phos- 
phate at pH 7.5 except the A® isomer. Here an anomalous behavior sug- 
gestive of lactone formation was noted. The partition ratios calculated 


wy 
» 
10 S 
S09 
0.8 ~ 
0.6 
os 
05 
&s 0.4 
03- 
= 0. 
0.1 
ee, 
0 5 0 15 @ 25 30 35 40 45 50 55 & 65 170 
No. of tube 


Fig. 4. Separation of Cis, Cis, and Cis acids. @, experimental; O, calculated 


from the positions of the bands were 1.11, 0.34, 0.13, 0.24, and 0.25 for 
hexanoic, A?-hexenoic, A*-hexenoic, A‘-hexenoic, and A*-hexenoic acids, re- 
spectively. The latter two acids would not be separable in this system. 


DISCUSSION 


The isolation and identification of organic acids are of particular impor- 
tance in biochemistry, not only because such acids occur widely in nature 
but also because they often are the fragments which must be identified 
following the hydrolytic or oxidative degradation necessary for the study 
of the structure of larger molecules. It is therefore highly desirable that 
the method or methods used meet the following requirements. (1) Suff- 
cient resolving power should be attained so that the individual members 
of the homologous series will be clearly separated from each other. (2) 
The procedure should furnish sufficient of each member so that unequivo- 
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cal identification by classical methods, 7.e. ultimate analysis, comparison 
of physical constants, preparation of derivatives, etc., may be carried out. 
(3) The procedure should give the expected separation regardless of the 
relative amounts of the individual members of the mixture. (4) The final 
result should be quantitative. 

At the present time three approaches to the problem appear to offer 
the greatest promise. These are fractional distillation of esters of 
the mixture, chromatography, and counter-current distribution. 

When sufficient material is available, fractional distillation of the esters 
with an efficient fractionating column provides adequate resolving power 


iquot 


2 cc. 
with 0.0107 N NaOH 
@ 


Titration of a 
{ 


SS 
024 6 8 10 12 4 16 18 OW 22 %# 
No. of tube 


Fig. 5. Distribution of stearic acid. @, experimental; O, calculated 


for most purposes. It also meets the other requirements given above, but 
for biochemistry and structural work it usually requires too much mate- 
rial. 

Largely for this reason, in the last few years a rather extensive study 
has been made of the _ possibilities inherent in chromatography 
(6-10). Paper chromatography has shown many advantages, but in its 
present state of development, at least, it does not offer real identification 
and is lacking in the quantitative aspects. Objections to the other forms 
of chromatography are mostly related to the tendency to give skewed 
bands, the cause of which has been explained by non-linear adsorption 
isotherms. 
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Irrespective of the cause, a skewed band indicates that the position of 
a given band is dependent in part on the initial concentration, and, if two 
components, A and B, are closely related and are barely separable normally 
when present in equal amounts, such is not likely to be the case when B 
is present in considerably larger amounts than A. 

A skewed curve does not necessarily mean that quantitative determi- 
nation fails or that separation is impossible unless the skewing is 
too severe. In fact, the majority of the curves of chromatography are 
skewed. However, moderate skewing does mean that for the high- 
est degree of quantitative determination more transfers are required to 
separate the bands completely from each other, as was the case with the 
Cy) and Cy, bands of Fig. 3. An alternative to this approach is the deter- 
mination of the degree of skewness by a separate run on each pure com- 
ponent. Thus stearic acid in the system used in Fig. 4 gave ex- 
perimentally the curve shown in Fig. 5. 

The mathematics of skewed distribution have been discussed in 
text-books on probability (11). Actually the modified probability fune- 
tion, 


y= /2nK/(K +1)? 
V /(K +1)2 


which is the equation for calculating a normal distribution (3), can be 
further modified to give a curve for calculating an approximate curve to 
be expected from a non-linear partition isotherm, once the exact modifica- 
tion has been established from an actual curve from the pure substance. 


SUMMARY 


A study of the separation of the normal fatty acids C, to Cys 
by counter-current distribution has been made. The method has been 
shown to be convenient for the separation and identification of these sub- 
stances. 

BIBLIOGRAPHY 


. Sato, Y., Barry, G. T., and Craig, L. C., J. Biol. Chem., 170, 501 (1947). 

. Atchley, W. A., J. Biol. Chem., 176, 123 (1948). 

. Craig, L. C., and Post, O., Anal. Chem., 21, 500 (1949). 

. Barry, G. T., Sato, Y., and Craig, L. C., J. Biol. Chem., 174, 209 (1948). 

. Williamson, B., and Craig, L. C., J. Biol. Chem., 168, 687 (1947). 

Ramsey, L. L., and Patterson, W. I., J. Assn. Official Agr. Chem., 28, 644 (1945); 
31, 441 (1948). 

. Elsden, 8. R., Biochem. J., 40, 252 (1946). 

. Moyle, V., Baldwin, E.., and Searisbrick, R., Biochem. J., 43, 308 (1948). 

. Peterson, M. H., and Johnson, M. J., J. Biol. Chem., 174, 775 (1948). 

. Marvel, C.S., and Rands, R. D., Jr., J. Am. Chem. Soc., 72, 2642 (1950). 

. Rietz, H. L., Mathematical statistics, La Salle (1927). 


ON 


al 


YUM 


( 


THE PREPARATION OF DIPHOSPHOPYRIDINE NUCLEO- 
TIDE WITH ION EXCHANGE RESIN 
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The older methods for the preparation of diphosphopyridine nucleotide 
(DPN) were reviewed in 1942 by Schlenk (1). In 1947 Sumner et al. (2) 
outlined the need for a greatly simplified method for the preparation of 
this coenzyme. These authors described a procedure which did away with 
heavy metal fractionation. Recently, Clark et al. (3) made several modifi- 
cations in the above method. The LePage (4) preparation has been widely 
used, although it is stated by him to give a product only 63 per cent pure. 
Hogeboom and Barry (5) have applied counter-current distribution for the 
isolation of DPN. This technique is undoubtedly of value for the prepa- 
ration of relatively small quantities of highly purified coenzyme. 

The seemingly constant evolution of new methods for the preparation 
of DPN and the high cost. of the coenzyme on the commercial market must 
be accepted as evidence that the above methods leave room for improve- 
ment. 

Jandorf (6) introduced the adsorption of DPN on charcoal, a process 
which has become an important step in nearly all subsequent methods. 
Very recently LePage and Mueller (7) published a method for the prepara- 
tion of triphosphopyridine nucleotide (TPN) in which the dinucleotide is 
adsorbed directly on charcoal from a water extract of liver. Although 
they chose to ignore DPN, the authors state that a large amount of it was 
also taken up by the charcoal. 

A new technique in nucleotide chemistry, chromatography on ion ex- 
change resin, has yielded striking results for the isolation of mononucleo- 
tides (Cohn (8, 9); Cohn and Carter (10)). 

It was thought possible that a combination of the two steps, adsorption 
on charcoal and chromatography on ion exchange resin, might lead to good 
yields of highly purified DPN. A method based on these principles has 
been worked out in this laboratory and will be described below. It has 
been found to give DPN of purity 0.8 in yields of about 1.2 gm. from 10 
kilos of fresh bakers’ yeast. 
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EXPERIMENTAL 
Procedure 


Adsorption of DPN on Norit—10 kilos of fresh bakers’ yeast are crum- 
bled into 10 liters of hot, distilled water in a steam cooker. During this 
procedure, which usually takes about 5 minutes, the temperature of the 
water is held at 90°. The steam is shut off and the temperature of the sus- 
pension is lowered rapidly by running a jet of cold water through the cool- 
ing jacket of the cooker. The extracted yeast cells are separated by 
centrifugation and the clear, yellow extract treated for 30 minutes, by me- 
chanical stirring, with 10 gm. of norit S. X. 30 special! per liter. In the 
meantime, a filter paper is placed on a large Biichner funnel and a water 
suspension of macerated filter paper poured on the funnel to give a layer 
about 1 cm. thick. The preparation is filtered and the charcoal cake 
washed with liberal quantities of distilled water. The charcoal cake is now 
stirred for 1 hour with a liter of 15 per cent aqueous pyridine. The char- 
coal is centrifuged, stirred up with 0.5 liter of fresh 15 per cent pyridine, 
and filtered through a fritted Jena glass filter (medium porosity). The 
eluate is evaporated under reduced pressure to about 200 ml. (including the 
0.5 liter washing of the charcoal), chilled to 0°, adjusted to pH 2.5 with 
concentrated HNO;, and the nucleotides precipitated in the cold by the 
addition of 4 volumes of acetone. The preparation is left overnight at 
+4°. Next morning the clear supernatant is decanted, the crude nucleo- 
tides stirred up in dry acetone, and the solution filtered on a fritted glass 
funnel. Dried under reduced pressure over H.SQ,, the yield is 5.0 to 7.5 
gm. of DPN and is 0.2 pure. 

Chromatography on Dowex-2?—A glass tube of inner diameter 2.6 cm. is 
filled to a height of 32 cm. with 200 to 400 mesh Dowex-2 anion exchanger. 
The column is washed 1 day each with 5 per cent HCl, 5 per cent NaOH, 
and, finally, 0.1 m CH;COON Hy-CH;,COOH solution at pH 5.9, at a flow 
rate of 1 ml. per minute. The sample, 0.5 to 1.0 gm. of crude DPN dis- 
solved in the least amount of 0.1 mM CH;COON H,, is washed into the resin 
and the column developed with 0.1 m CH;COONH,-CH;COOH solution, 
pH 5.9, at the flow rate given above. Fractions 6.0 ml. in volume are col- 
lected and the optical density of each measured at 260 mu. Plotted against 
the volume of the effluent, the latter measurements reveal the presence of 
several maxima, the last and largest of which contains the theoretical 
amount of DPN (see Fig. 1). 

The fractions containing the DPN are combined (e.g., between the 165 
and 360 ml. marks of the effluent curve shown in Fig. 1), chilled to 0°, ad- 


1 Obtained from A. B. Rudolf Grave, Stockholm, Sweden. 
2 Obtained from The Dow Chemical Company, Midland, Michigan. 
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justed to pH 2.5 with 10 per cent nitric acid, and the DPN precipitated 
in the cold with 4 volumes of acetone. After several hours the white, 
amorphous precipitate is centrifuged, washed with cold acetone and ether, 
and dried in vacuo over H3SQ,. The yield in the acetone precipitation step 
is about 85 per cent and the purity of the final product is 0.8 or slightly 


higher. 


OPTICAL DENSITY 
AT 260 my 


60 180 300 420 


EFFLUENT VOLUME IN ML 


Fig. 1. The chromatography of crude DPN on Dowex-2 anion exchanger. The 
effluent concentration curve shown above was obtained with 0.8 gm. of material with 
a purity of 0.2 (see the text). 


Assay and Criterta of Purity 


The DPN assays were carried out by the alcohol dehydrogenase method 
of Bonnichsen (11). This method, in which the optical density at 340 
my of DPNH following enzymatic reduction is measured, has been found 
to be simple and rapid and to give reproducible results. In addition, the 
enzymatic assay indicates, at the same time, the biological activity of the 
preparation. Ohlmeyer’s (12) constant was used for calculating the DPN 
concentration. Alcohol dehydrogenase is now commercially available.’ 

An occasional sample was reduced with hydrosulfite according to Le- 
Page (4), and the result always checked with enzyme assays within 1 per 
cent. This indicates, since the alcohol dehydrogenase is said to be spe- 


* Obtained from A. B. Astra, Sdédertialje, Sweden. 
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cific for DPN (13), that our preparations contained very little, if any, 
TPN. 

One preparation, which assayed 84 per cent DPN, contained 13.2 per 
cent nitrogen (Kjeldahl) and 7.8 per cent phosphorus (Fiske-Subbarow). 
The N:P ratio was thus 3.7, as compared to 3.5 for the accepted formula 
of DPN. The ratio E20 m/E310 m, for this sample was 3.7. On drying 
to constant weight at 110°, 2.7 per cent of the weight was lost. 


DISCUSSION 


The procedure given here for the preparation of DPN is rapid, requires 
only inexpensive reagents, avoids the use of heavy metals, and lends itself 
to large scale work. A new step, chromatography on ion exchange resin, is 
introduced. 

The clear, yellow extract from the fresh yeast usually had a pH close to 
6. The amount of DPN taken up by the norit was constant in the pH 
range 5 to 7. On the other hand, the type of charcoal used was of the 
utmost importance. One type of charcoal gave only 5 per cent of the yield 
obtained with norit S. X. 30 special. We have been unable to increase the 
purity of our final product by making a second adsorption on norit. 

A very slight amount of impurity always comes out of the Dowex-2, 
giving an optical density of about 0.1 per ml. However, this material did 
not precipitate with acetone and it is unlikely that it contaminates the 
final product. Columns which have been run as above may be washed 
first with 5 per cent NaOH for several hours and then overnight with 0.1 
mM CH;COONH,-CH;COOH solution, pH 5.9. They are then ready for 
the preparation of a new batch of DPN.> The pH of the resin was found 
to have a pronounced effect on the character of the curve shown in Fig. 1. 
A pH of 5.3 gave slightly less resolution, and at pH 3.3 only a single, sharp 
peak with a maximum at the 84 ml. mark, was obtained. At the latter pH 
the DPN had a purity of only 0.6. At pH 6.3 the DPN maximum lay 
at the 126 ml. mark in the effluent and contained material with a purity 
slightly less than 0.8. It is possible that at pH 3.3 the DPN is not suf- 
ficiently charged to have any affinity for the strongly charged resin. How- 
ever, in attempting to reason why the DPN emerges sooner at pH 6.3 than 


‘ Norit 8. X. 30 special is manufactured by N. V. Norit-Vereeniging, Verkoop Cen- 
trale, den Texstraat 2-4, Amsterdam C, Holland. Several other types of charcoal 
are probably suitable for the adsorption of DPN. For example, Sumner et al. (2) 
used Pfanstiehl type A norit and LePage (4) used norit A decolorizing charcoal. 
LePage and Mueller (7) found DPN (as well as TPN) to be adsorbed on Nuchar 
C190. The latter was obtained from the Industrial Chemical Sales Division, West 
Virginia Pulp and Paper Company, Tyrone, Pennsylvania. 

* If the same column is to be used for several successive preparations, it should 
also be washed from time to time with 5 per cent HCl. 
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at pH 5.9, one probably cannot accuse the resin of being insufficiently 
charged at the higher pH. Ammonium acetate was chosen as the reagent 
for controlling the pH on the column, since it will not interfere with the 
acetone precipitation of the DPN. Also, if it is desired to dry an aliquot 
of the effluent for a determination of total solids, the ammonium acetate 
disappears by evaporation. 

A large amount of dry weight is always associated with the first maximum 
in the curve shown in Fig. 1. The number of small maxima coming be- 
fore the large DPN peak has varied slightly with different preparations, 
although the character of the curve obtained is essentially as shown in 
Fig. 1. The high capacity and rather good resolving power of the ion ex- 
change chromatogram suggest that this technique may prove to be valuable 
for the fractionation of crude mixtures. This type of work is greatly 
facilitated by the use of an automatic fraction collector of the design men- 
tioned by Moore and Stein (14). 

If it is desired to obtain a limited amount of pure DPN, the counter- 
current distribution method (5) could be included in the above procedure. 
It is also possible that a purer product could be obtained by making more 
than one cut in the effluent concentration curve. For instance, the sample 
recorded in Fig. 1 had a different ratio, E260 mp/E3i0 mu, at different points 
under the DPN maximum. The figures were 4.1, 3.8, and 3.6 at the 180, 
216, and 282 ml. marks, respectively. 


SUMMARY 


A method is given for the preparation of diphosphopyridine nucleotide 
in which the essential purification steps consist of adsorption on norit and 
chromatography on ion exchange resin. A yield of approximately 1.2 
gm. of material with a purity of 0.8 is obtained from 10 kilos of fresh yeast. 

The DPN obtained by this method is fully active in the alcohol de- 
hydrogenase system and contains only very small amounts, if any, of 
triphosphopyridine nucleotide. 


The authors are indebted to Professor Hugo Theorell for advice and 
criticism, to Dr. P. Reichert for instruction on the technique of ion ex- 
change chromatography, to Dr. R. K. Bonnichsen for generous gifts of 
alcohol dehydrogenase, and to Mr. K. O. Bengtsson for making the phos- 
phorus determinations. 
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THE BIOLOGICAL ACTIVITY OF a-TOCOPHERYL- 
HYDROQUINONE IN RATS* 


By ALICE ISSIDORIDESt anp H. A. MATTILL 


(From the Department of Biochemistry, State University of Iowa, College of 
Medicine, Iowa City, Towa) 


(Received for publication, September 8, 1950) 


The functional réle of a-tocopherol in the animal body is not under- 
stood. It may act specifically through some enzyme system and perhaps 
also in a non-specific manner as a physiological antioxidant (1). 

Its action has been related to the existence of an oxidation-reduction 
system, but the postulation that tocopherylquinone takes part in that 
system could not be confirmed, because this compound was found to be 
devoid of both biological and antioxygenic activity (2, 3). 

Recently some evidence was presented for the formation of a semiqui- 
none of tocopherol (4). An oxidation product of a-tocopherol with the 
possible structure of an epoxy chroman has also been isolated (5). This 
compound was found to be biologically active when given intraperitone- 
ally. Thus the epoxy chroman or the semiquinone or both could be 
thought to form an oxidation-reduction system with a-tocopherol. 

The biological activity of a-tocopherylhydroquinone has also been a 
matter of interest. This substance can be formed by the reduction of 
tocopherylquinone, and by cyclization in the presence of acids a-tocopherol 
is produced. There is also evidence for the existence of a semiquinone of 
tocopherylhydroquinone (6). 

Tocopherylhydroquinone was found to be inactive when given intra- 
peritoneally to vitamin E-deficient rats (2). This lack of activity, how- 
ever, might be attributed to its rapid oxidation during the slow process of 
absorption and distribution. Recently intravenous injections of a-tocoph- 
erylhydroquinone, but not of its esters, diminished the creatinuria and 
improved the muscular control of rabbits with experimental dystrophy 
(7). Some favorable results were also obtained with 6-tocopherylhydro- 
quinone in patients with progressive muscular dystrophy (8). 

On the basis of those experiments, it was proposed that tocopheryl- 
hydroquinone is the biologically active form of the compound. Since it 
cannot be stored in the body, whereas a-tocopherol can be, the latter is 
converted to the active form when needed. Furthermore, an explanation 


* Aided by a grant from Swift and Company. 
t Present address, Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin. 


313 


314 a-TOCOPHERYLHYDROQUINONE 


was offered for the ineffectiveness of a-tocopherol in the treatment of pro- 
gressive muscular dystrophy in humans. Such persons may have a defect 
in the conversion of tocopherol to tocopherylhydroquinone. 
It seemed important, therefore, to determine whether tocopherylhydro- 
quinone, given intravenously, could prevent fetal resorption in vitamin 
_ E-deficient rats. From these experiments it appears to be inactive in 
doses as high as 25 mg. 


Methods 


The bioassay procedure followed was the one described by Mason and 
Harris (9). Doses of 0.2 to 1.5 mg. of dl-a-tocopherol! homogenized in 
90 per cent propylene glycol and 10 per cent ethanol were injected into 
the tail vein of suitably prepared rats. The particle size of the suspen- 
sion did not exceed 8 uz. 

a-Tocopherylhydroquinone in doses from 0.5 to 25 mg. dissolved in 
propylene glycol was administered in the same manner. Tocopherylhydro- 
quinone was prepared by suspending a weighed amount of pure tocophery]l- 
quinone in propylene glycol and hydrogenating for half an hour under 20 
pounds pressure with palladium on calcium carbonate. The suspension 
was centrifuged, and the supernatant solution was used immediately for 
injections, not more than three from the same preparation. The reducing 
action of the solution as measured by a modification of the Emmerie and 
Engel.method (10) and the absorption spectrum were then determined in 
order to establish the actual dose of tocopherylhydroquinone. The amount 
found represented the minimum quantity injected, since the hydroquinone 
is readily oxidized in the air. It appears to be fairly stable under hydrogen 
in the cold (11). In some instances a scab and some necrosis appeared 
at the site of the injection, perhaps because the needle had not been cleanly 
introduced into the vein; since this occurred also in some of the animals 
which gave a positive response, the validity of these tests was not con- 
sidered to be impaired. 


RESULTS AND DISCUSSION 


As indicated in Table I, eighteen animals were given a-tocopherylhydro- 
quinone and twenty received a-tocopherol. Doses of even 25 mg. of the 
former did not prevent resorption, whereas the median fertility dose of the 
latter was less than 0.5 mg. The earlier observations on the inability of 
tocopherylhydroquinone to prevent resorption in female rats on a vitamin 
E-deficient diet are thus confirmed. The manifestations of the lack of 
vitamin E are so varied in different species that a general explanation for 


‘Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 
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the observed phenomena cannot yet be formulated. The acute need of 
the young rabbit for vitamin E to maintain the integrity of muscle is in 
marked contrast to that of the young rat. Presumably these differences 
are related to the diversity in the enzyme systems governing metabolic 
processes. The réle of vitamin E in these processes must be further ex- 
plored before the effectiveness of tocopherylhydroquinone in the muscular 


dystrophy of rabbits and its ineffectiveness in restoring fertility to female 


rats are understood. 


TABLE I 
Effect of a-Tocopherylhydroquinone and a-Tocopherol on Fetal Resorption in Rats 
The compounds indicated were given intravenously. 


Compound Dose | Positive Negative a waiter 

mg. 

a-Tocopherylhydroquinone..| 0.47 0 2 0 0 18 0 
2.40 0 4 0 0 16 0 
3.00 0 5 0 0 12 0 
3.80 0 2 0 0 7 0 
15.00 0 2 0 0 5 0 
20 .00 0 2 0 0 3 0 
25.00 0 1 0 0 1 0 

a-Tocopherol................ 0.20 0 3 0 0 7 0 
0.35 ) 4 0 0 4 0 
0.50 2 0 100 2 0 100 
0.70 2 0 100 4 0 100 
1.00 7 0 100 11 0 100 
1.50 2 0 100 13 0 100 

SUMMARY 


a-Tocopherylhydroquinone administered intravenously to female rats 
on a vitamin E-deficient diet did not prevent fetal resorption when given 
in doses as high as 25 mg. The median fertility dose of tocopherol was 
less than 0.5 mg. This is in contrast to the reported similarity in effective- 
ness of both substances in alleviating the experimental muscular dystrophy 
of rabbits. 
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ON THE PHOSPHORUS OF POTATO STARCH 


By THEODORE POSTERNAK* 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missourt) 


(Received for publication, July 31, 1950) 


Native starches contain variable amounts of phosphorus. Samec and 
coworkers (1, 2) first showed that the phosphorus-containing components 
are not identical in all starches. In cereal starches most, if not all, of the 
phosphorus is contained in phosphatides which are loosely bound to the 
polysaccharide. Other starches such as potato, arrowroot, tapioca, and 
sago contain phosphorus esterified with some of the glucose units of the 
polysaccharide (3). Most of the phosphorus of potato starch seems to 
be contained in the branched (amylopectin) fraction (4, 5). 

Posternak (3) isolated glucose-6-phosphate after. acid hydrolysis of tuber 
starches. Enzymatic degradation of potato starch with pancreatic am- 
ylase or with a mixture of a- and B-amylase from malt yielded a phos- 
photetraose. When only a small amount of amylase was used, a phos- 
phohexaose and phosphopolyoses with longer chains were obtained. When 
these isolated products were submitted to further action of a-amylase 
they were converted to the phosphotetraose which represents therefore a 
degradation limit. 

The object of the present investigation was to determine the position of 
the glucose-6-phosphate units within the starch molecule. For this pur- 
pose the phosphopolyoses were isolated and subjected to structural analy- 
sis. Their priming effect on potato phosphorylase and the properties of 
the polysaccharide formed were also investigated. 


EXPERIMENTAL 


Phosphorus was determined by the method of Fiske and Subbarow 
(6). For reducing power assays, Nelson’s procedure (7) and Reagent 60 
(8) were used, with a heating time of 30 minutes. It was found that, 
under these conditions, the phosphopolyoses gave reduction values which 
were in fair agreement with those obtained by the Willstaétter-Schudel 
method (9). Glucose-6-phosphate was determined, in certain cases, by 
the spectrophotometric method of Warburg (10), with Zwischenferment 
and triphosphopyridine nucleotide. 


* Fellow of the Rockefeller Foundation. Present address, Pharmazeutishe An- 
stalt der Universitat, Basel, Switzerland. This work was supported in part by 
a research grant from the Corn Products Research Foundation. 
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a-Amylase was prepared from defatted and dried hog pancreas (11). 
The powder was extracted for 12 hours at 30° with 16 parts of 83 per cent 
glycerol. After dilution of the suspension with 5 volumes of ice water and 
centrifugation, the solution was used immediately. Potato phosphorylase 
was prepared from potato juice and reprecipitated twice by ammonium 
sulfate at 0.5 saturation. The enzyme prepared from 100 cc. of potato 
Juice was finally dissolved in 20 cc. of 0.1 Mm citrate buffer, pH 6.8. £- 
Amylase was prepared from wheat according to Ballou and Luck (12); 
1 mg. of the enzyme liberated, in 10 minutes at 30°, 18 mg. of maltose 
under the conditions of the test described by these authors. Phosphatase 
was prepared from hog kidney by the procedure of Albers and Albers 
(13). | 

Preparation of Substances—Barium tetraose phosphate and hexaose phos- 
phate were isolated from the degradation products of potato starch by 
pancreatic amylase according to a procedure already published (3). These 
materials were oxidized with barium hypoiodite. 1 gm. of barium poly- 
ose phosphate was dissolved in 20 cc. of a solution containing 0.51 gm. of 
iodine and 1 gm. of barium iodide. In the course of 5 minutes, 18 cc. of 
0.35 N barium hydroxide were added dropwise. The mixture was then 
allowed to stand for 15 minutes. 3 cc. of 2 N sulfuric acid were added, 
followed by solid sodium bisulfite until disappearance of the iodine color. 
The pH was then adjusted to 8.0 by addition of a concentrated hot solu- 
tion of barium hydroxide. After removal of the barium sulfate by cen- 
trifugation, 3 volumes of alcohol were added in order to precipitate the 
barium salt of the phosphopolyonic acid. For purification, it was dis- 
solved in water and reprecipitated by alcohol. 


Barium tetraonic acid phosphate 
Calculated. P 3.10, Ba 20.60, G:P' 3.0 
Found. ‘3.02, * 2031, “* 29 
Barium hexaonic acid phosphate 
C36H 60035PBa:.5-2H2O. Calculated. P 2.35, G:P 5.0 
Found. 48 


Dephosphorylation of these compounds was accomplished by means of 
phosphatase. 1.5 gm. of barium tetraose phosphate were dissolved in 60 
cc. of water containing 0.001 mM magnesium sulfate and 150 mg. of kidney 
phosphatase. The mixture was incubated at 37° in the presence of tol- 
uene. From time to time the pH was adjusted to 7.5 by addition of 
barium hydroxide. After 10 hours, the inorganic phosphate was 95 per 
cent of the total phosphate. The pH was then adjusted to 6.9 and the 


1G means the reducing power calculated as glucose after 4 hours hydrolysis at 
100° with 0.8 H2SO,. 
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mixture heated to boiling. Barium phosphate was removed by centrifu- 
gation and the supernatant liquid concentrated in vacuo to a small volume. 
Small amounts of remaining phosphoorganic barium salts were precipitated 
by addition of 3 volumes of alcohol. The solution was evaporated to a 
syrup, which was converted to a fine powder on standing under absolute 
alcohol. For purification the compound was dissolved in a minimum 
amount of water and reprecipitated by alcohol; this was repeated until 
the ratio G: RG? became constant. 


Tetraose, G:RG. Calculated, 4.0; found 4.1 


In one experiment, the tetraose was purified by chromatography. A 
solution of 100 mg. in 100 ec. of 95 per cent alcohol was placed on a column 
of 60 gm. of a mixture of 3 parts of Florex XXX’ and 1 part of Celite.‘ 
The column was washed with 200 ce. of 90 per cent alcohol and finally 
eluted with 50 per cent alcohol. After evaporation of the eluate, the resi- 
due was dissolved in a few drops of water and the polyose was precipi- 
tated with absolute alcohol. [a], = +170°; G:RG = 3.8. 

Solutions of the dephosphorylated compounds were also prepared by 
incubation of the sodium salt of the phosphoorganic compound with 
phosphatase, followed by precipitation of inorganic and residual organic 
phosphates by the barium-zine procedure of Somogyi (14). Excess of 
barium or zine ions was carefully removed from the solution, which was 
then tested for activating ability for potato phosphorylase. 

End-Group Assay by Pertodate Oxidatton—The method of Brown et al. 
(15) was used. The mixture contained potassium chloride 0.53 mM, sodium 
periodate 6.9 * 10-2 M, and barium tetraose phosphate (a) or maltose 
(b) 103. 10-*m. After shaking at 20° for 160 hours, 10 cc. samples 
were taken and 0.3 ce. of pure ethylene glycol was added. After 15 min- 
utes 1 &X 10-5 mole of barium phosphotetraose was added to sample (b) 
in order to have the same amount of phosphate ester as in sample (a). 
Both samples were then titrated with 0.01 nN NaOH against methyl! red. 
The moles of formic acid formed per mole of substance were (a) 3.05, 
(b) 3.10. 

Tetraose was assayed by the method of Potter and Hassid (16). The 
mixture contained sodium chloride 0.25 M, sodium periodate 0.185 M, 
and tetraose (a) 1.31 10~-?M or maltose (6) 1.54 K 10°?m. The mixture 
was kept at 4° and titrated as described above. The moles of formic 
acid formed per mole of substance were (a) 2.72, 3.64, 3.83 and (6) 3.05, 
3.73, 3.84 after 13, 19, and 24 hours respectively. 


2? RG is the reducing group. The meaning of G is given in foot-note 1. 
* Floridin Company, Inc., Warren, Pennsylvania. 
‘ Johns-Manville Sales Corporation, New York. 
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The fact that the yield of formic acid is the same per mole of maltose 
and phosphotetraose indicates that the latter contains only 1,4 bonds. 
If a 1,6 linkage had been present, which occurs at branch points in the 
starch molecule, the yield of formic acid per mole of phosphotetraose 
should have been higher than per mole of maltose. One may conclude 
therefore that the phosphate group in the starch molecule is not in the 
immediate vicinity of a branch point. 

Hydrolysis of Phosphotetraonic Acid—0.2 gm. of the barium salt was 
refluxed for 4 hours with 2 cc. of 0.8 N sulfuric acid. Sulfate ions were 
removed as barium sulfate and the supernatant fluid made alkaline to 
phenolphthalein with barium hydroxide. After concentration in vacuo 
to a small volume, the phosphoorganic barium salt was precipitated with 
alcohol. This salt contained one phosphorus per reducing group (P:RG 
found 1.05, calculated’ 1.00). Quantitative determinations by Warburg’s 
spectrophotometric method with Zwischenferment and triphosphopyridine 
nucleotide showed that the substance was pure glucose-6-phosphate. 

The formation of glucose-6-phosphate by hydrolysis of phosphotetra- 
onic acid indicates that in the original phosphotetraose the phosphate 
group is combined to a glucose unit which has no free reducing group. 
This is also supported by the fact that phosphogluconic acid could not 
be detected among the hydrolysis products. 

Degradation of Phosphohexaonic Acid—As mentioned above, phospho- 
hexaose is degraded by a-amylase to phosphotetraose, while it is resistant 
to the action of B-amylase. In order to determine the position of the 
additional maltose unit in the phosphohexaose, the latter was first oxidized 
to phosphohexaonic acid with hypoiodite. 0.175 gm. of the sodium salt 
of phosphohexaonic acid was incubated in 0.03 m acetate buffer, pH 6.7, 
with pancreatic amylase and a few drops of toluene. After 45 hours at 
37°, the reducing power corresponded to the liberation of 0.8 maltose 
unit per mole. The solution was heated to boiling, filtered, and con- 
centrated in vacuo to 5 cc. Lead subacetate was added, and the pre- 
cipitated lead salt filtered with suction and decomposed with a slight 
excess of sulfuric acid. After neutralization to phenolphthalein with bar- 
ium hydroxide and centrifugation, alcohol was added to the supernatant 
fluid to precipitate the barium salt of the phosphoorganic acid. For 
purification it was dissolved in water and reprecipitated with alcohol. 
The compound had no reducing properties and corresponded in its com- 
position to phosphotetraonic acid. 


Bai .5-2H20. Calculated. P 3.10, G:P 3.0 
Found. “2392, “* 33 


The formation of phosphotetraonic acid shows that in phosphohexaose 
the additional maltose unit is at the non-reducing end. 
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Degradation of Oxidized Starch—To a paste of 200 gm. of potato starch 
in 3 liters of water were added 260 cc. of 2 N NaOH and a solution of 
3.5 gm. of iodine and 4 gm. of potassium iodide. After 30 minutes, the 
mixture was acidified with 2.5 n HCl and the excess of iodine was reduced 
by addition of solid sodium bisulfite. After adjustment of the pH to 
6.8, the mixture was incubated for 5 days at 37° with pancreatic amylase 
in the presence of toluene. The phosphorylated cleavage products were 
isolated and purified by several precipitations with lead subacetate (3). 
The material had the properties and composition of phosphotetraose. 


CuHaOxuPBa-2H,0. Calculated. P 3.38, P:RG 1.00 
Found. “3.15, “ 0.96 


Potato starch contains about 1 atom of P per 300 glucose units. The 
isolation of phosphotetraose rather than phosphotetraonic acid from oxi- 
dized starch shows that the phosphate groups are not in the immediate 
vicinity of the reducing groups. 

Position of Phosphate Group in Starch—It has been observed (17) that 
tetraose is split into 2 maltose residues by a-amylase. The resistance of 
phosphotetraose to a-amylase degradation is therefore to be ascribed to 
steric hindrance by the phosphate group. This phosphate group cannot 
be bound to the glucose unit situated at the non-reducing end of phos- 
photetraose, because if it were in this position, it would prevent the deg- 
radation of phosphohexaose to phosphotetraose by a-amylase. It has 
also been shown above that it cannot be combined with the glucose unit 
at the reducing end. The most likely position of the phosphate is there- 
fore the 2nd or 3rd glucose unit of the tetraose. 

The experiments with oxidized potato starch showed that the phosphate 
groups are not located in the immediate vicinity of reducing groups. From 
the end-group assay of tetraose, it has been concluded that they are not 
located near branch points either. It follows that in native starch (or 
more specifically in the amylopectin fraction) the phosphate groups are 
combined to glucose units which are located in a straight chain portion 
of the molecule. 

Activating Ability for Potato Phosphorylase—It is known that the syn- 
thesis of polysaccharide by potato phosphorylase can be “primed” by 
short chain dextrins. Swanson and Cori (18) concluded that the chains 
must be at least 4 to 5 glucose units long in order to have primer action, 
while Weilbull and Tiselius (19) stated that the shortest chain which 
activated potato phosphorylase was 3 glucose units long. They separated 
dextrins of various chain lengths by their adsorption technique. French 
et al. (20) prepared an authentic sample of heptaose by short acid hy- 
drolysis of the cyclic 86-Schardinger dextrin. When this material was 
treated with B-amylase, 2 maltose units were split off, leaving a trisac- 
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charide. In contrast to longer chains, the trisaccharide was found to be 
practically devoid of primer action (personal communication). 

It was of interest to test the materials described in this paper for their 
activating effect, since they represent well characterized short chain dex- 
trins. ‘Table I shows that phosphohexaose, phosphotetraose, and phos- 
photetraonic acid had a weak, but definite activity, about 15 per cent 
of the maximum activation obtained with soluble starch. Dephosphory- 
lation of these substances by kidney phosphatase increased their priming 
ability very markedly, so that they showed about as much effect as an 
equal concentration of soluble starch. The priming ability of a chain 
of 4 glucose units for potato phosphorylase seems definitely established 
by these experiments. 


TABLE 
Primer Action on Potato Phosphorylase 


The substances were tested for activating ability in the standard test system 
described by Swanson and Cori (18). The final concentrations of the polysaccha- 
rides were always 35 mg. per cent, calculated as glucose. The observed activations 
are expressed as per cent of the maximum activation obtained with 500 mg. per cent 
of soluble starch. 


Substance Activating effect 
per cent 
71 


Synthesis of Phosphorus Containing Polysaccharide—The theory of the 
synthetic action of phosphorylase is based on the idea that glucose-1- 
phosphate reacts with the non-reducing primer end-group (21). If this 
is correct, one would expect an incorporation of phosphate into the syn- 
thetic polysaccharide when phosphotetraose is used as primer. 

In the isolation of the synthetic polysaccharides it was necessary to 
insure the complete removal of any unused primer and of glucose-1- 
phosphate. After incubation, the mixture was heated for 10 minutes at 
100° and centrifuged while hot. 3 volumes of alcohol were added and 
the precipitate dissolved in a small volume of hot water and dialyzed for 
4 days against distilled water at room temperature. The polysaccharide 
was then precipitated with alcohol, dissolved in ice-cold 1.5 Nn KOH, 
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neutralized with ice-cold 3 nN HCl, and again dialyzed against distilled 
water. The whole procedure was repeated a third time, but the last 
treatment did not cause any further change in the phosphorus content of 
the polysaccharides; inorganic phosphate and acid-labile phosphate were 
absent. 

In one experiment 1.34 XX 10°-* mole of glucose-1-phosphate was incu- 
bated for 3 hours at 30° with 8 cc. of potato phosphorylase and 2 K 10-4 
mole of phosphotetraose as primer; 78 per cent of the added glucose-1- 
phosphate had reacted at the end of incubation. This should result in 
the addition of about 5 glucose units for each primer end-group, or a 
ratio of G:P = 9, if all primer end-groups reacted. The polysaccharide 
formed was isolated in 50 per cent yield and contained 0.36 per cent 
phosphorus, corresponding to a calculated ratio of G:P = 52; found, 
after 2 hours of hydrolysis in 1 N HCl, G:P = 45. Thus, (5 X 100)/41 
= 12.2 per cent of the added primer was incorporated into the newly 
formed polysaccharide molecule. Under identical conditions, but with 
only 0.54 X 10-* mole of added glucose-1-phosphate, the polysaccharide 
formed contained 0.75 per cent phosphorus. This is the value to be 
expected on the basis of incorporation of 12 per cent of the added primer.5 

When phosphotetraose was omitted, the polysaccharide formed by potato 
phosphorylase from 1.34 X 10-* mole of glucose-l-phosphate contained 
from 0.015 to 0.05 per cent phosphorus. With crystalline muscle phos- 
phorylase and a small amount of glycogen as primer, the phosphorus 
content of the polysaccharide was 0.012 per cent. ‘The possibility that 
phosphate was merely adsorbed in these cases cannot be ruled out. 

The synthetic polysaccharides were submitted to B-amylase degradation 
under conditions which prevent retrogradation (23). 1.7 ec. of a 0.06 
per cent solution of the polysaccharide in 0.05 nN NaOH were slowly added 
to a mixture containing 0.2 cc. of 1.58 mM acetate buffer, pH 4.8, 0.85 cc. 
of water, and 1 mg. of 8-amylase. The mixture was incubated at 30° 
with a drop of toluene. Controls were run without substrate and without 
enzyme. 

A sample synthesized without phosphotetraose as primer and contain- 
ing 0.05 per cent phosphorus was degraded 100 per cent in 7 hours. By 
contrast, the sample synthesized with phosphotetraose as primer and 
containing 0.36 per cent phosphorus reached a limit of degradation of 


‘> It should be pointed out that according to Swanson (22) dextrins up to Il glu- 
cose units long can pass through the cellophane membranes used here. If the glu- 
cose units were unequally distributed among the primer end-groups, shorter chains 
rich in phosphorus would be lost during the isolation of the polysaccharide. The 
low recovery of polysaccharide (19 per cent) in this experiment speaks somewhat in 


favor of this assumption. 
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85 per cent after 8.5 and 10.5 hours of incubation. From the ratio G:P 
= 45, and assuming that there is | atom of P for every chain, it can be 
calculated that the phosphorus protects a fragment of about 6 to 7 glucose 
units against degradation by B-amylase. This fragment corresponds to 
the phosphohexaose formed from the tetraose primer during the initial 
stages of phosphorylase activity. Phosphohexaose is resistant to the 
action of B-amylase.6 These results support the idea that polysaccharide 
synthesis in the presence of phosphorylase consists in the addition of 
glucose units to primer end-groups. 


SUMMARY 


The structure of the phosphohexaose and of the phosphotetraose ob- 
tained by a-amylase degradation of potato starch has been investigated. 
End-group assay by periodate oxidation showed the absence of glucose 
units in 1,6 linkage. Phosphohexaose was converted to phosphohexaonic 
acid by oxidation with hypoiodite. Phosphohexaonic acid was degraded 
by a-amylase to phosphotetraonic acid and the latter yielded glucose-6- 
phosphate on acid hydrolysis. From these facts it has been concluded 
that the phosphate group in the phosphotetraose is combined with carbon 
6 of the 2nd or 3rd glucose unit and that the additional maltose unit in 
phosphohexaose is bound to the non-reducing end of phosphotetraose. 
Potato starch oxidized with hypoiodite yielded phosphotetraose on deg- 
radation by a-amylase. It is concluded that the phosphate groups are not 
in the vicinity of reducing groups or of branching points in the potato 
starch molecule. 

The priming effect of the phosphopolyoses for potato phosphorylase 
was about one-fifth as great as that obtained with an equal concentration 
of soluble starch. Hexaose and tetraose, obtained by dephosphorylation 
with kidney phosphatase, were as effective as primers as soluble starch 
when compared at a concentration of 35 mg. per cent as glucose. The 
polysaccharides synthesized with phosphotetraose as primer contained 
phosphorus, the amount being inversely proportional to the ratio of added 
glucose-1-phosphate to added primer. A sample containing 0.36 per cent 
phosphorus was incompletely degraded by f-amylase, because of the 
protective effect of the phosphate group on a terminal residue of about 
6 glucose units. Phosphohexaose was not degraded by B-amylase. The 
experiments show that the synthetic action of phosphorylase consists in 
the addition of glucose units to the primer end-group. 


¢ When phosphohexaose or phosphotetraose was submitted to the action of 6- 
amylase under the same conditions as described above, no significant degradation 
occurred, even after 20 hours. Tetraose, on the other band, was degraded quanti- 
tatively to maltose after 5 hours. 
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DETERMINATION OF THE CHONDROITINASE ACTIVITY OF 
BOVINE TESTICULAR PREPARATIONS* 


By MARTIN B. MATHEWS, SAUL ROSEMAN, ann ALBERT DORFMAN 


(From the Department of Pediatrics, University of Chicago, Chicago, Illinois) 
(Received for publication, September 13, 1950) 


A simple and rapid turbidimetric method for the assay of hyaluronidase 
(1) has proved of great aid in the purification of this enzyme from bovine 
testes (2). Chondroitinsulfuric acid (CSA) is related chemically and bio- 
logically to hyaluronic acid, the substrate of hyaluronidase. The presence 
of a previously identified (3) CSA-depolymerizing activity (chondroitinase ) 
in crude testicular preparations made it desirable to follow this activity 
during the course of fractionation of hyaluronidase. 

It is the purpose of this communication to describe a turbidimetric 
method for the assay of chondroitinase and to present data bearing on the 
relation of chondroitinase to hyaluronidase. Frequent reference will be 
made to a method (1) previously published for the assay of hyaluronidase, 
which served as a pattern for determining the optimum conditions of assay 
of chondroitinase. Unless otherwise stated, the same materials, instru- 
ments, and techniques were used for both methods of assay. 


Materials 


Enzyme—A standard hyaluronidase preparation, partially purified from 
bovine testes, containing 137 units per mg. was used. The unit is arbi- 
trary and is identical with that employed in previous studies (1). For 
use in the assay system the enzyme was dissolved in 0.02 m sodium phos- 
phate buffer of pH 7.0. 

Acidified Bovine Albumin—1 gm. of bovine Fraction V (Armour Labora- 
tories) was dissolved in 2 liters of 0.1 mM acetate buffer of pH 4.1 and sub- 
sequently adjusted to pH 4.00 with 4 n HCl. 

Chondrottinsulfuric Acid—CSA was prepared from bovine nasal septa! 
by a modification of the method of Meyer, Odier, and Siegrist (4). Pro- 
tein was removed with phosphomolybdic acid instead of phosphotungstic 
acid. CSA was precipitated with alcohol, washed with acetone to remove 
phosphomolybdic acid, and dried in vacuo over CaCle before use. A small 
sample lost an additional 7.8 per cent when dried to constant weight over 
P.O; at 78° in vacuo, a treatment which still leaves residual water in the 


* This investigation was supported by a grant from the Chicago Heart Asso- 
ciation. 


1 Generously supplied by Armour and Company, Chicago. 
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material (4). The results of chemical analyses appear in Table I. It 
appears likely that the preparation is still contaminated with a small 
amount of protein (1 to 2 per cent). 

For turbidimetric assay the CSA was dissolved in phosphate-citrate 
buffer (0.15 mM with respect to phosphate), pH 5.0, in a concentration of 
0.20 mg. per ml. and preserved at 4°. In the presence of toluene the 
solution keeps well for about 1 month. 

Viscosity measurements were carried out over a concentration range of 
0.5 to 0.08 gm. of CSA per 100 ml. of M/15 sodium phosphate buffer, pH 
7.0, at 30° in a modified Ubbelohde viscosimeter. The intrinsic viscosity, 
[n] = [mep./C] lim (where C' is the concentration of the solute in gm. per 


100 mil. of solvent), was obtained by extrapolation as 0.48 (when Co = 0.5 
gm. per 100 ml., mm, /Co = 0.52). By interpolation from the data of Blix 


Tanie | 
Chemical Analyaia of CSA Preparation 
TotalN* | Total St | StasSOv | | —COoONas 
meq. per gm 
2.79 5.60 5.52 23.8 1.90 
Calculated||............... 2.56 5.87 [ 5.87 26.0 1.82 


* By micro-Dumas. 

By micro-Carius. 

t By acid hydrolysis followed by titration with BaCl, (4). 

§ By electrometric titration (glass electrode) with perchloric acid in a 1:1 (volume 
per volume) mixture of ethylene glycol and isopropanol (6). 

|| For + 8 per cent H.O. 


and Snellman (5), this value for [7] would correspond to an average mo- 
lecular weight of the order of 60,000. This value must be regarded as 
only tentative, owing to the questionable validity of a procedure (5) 
relating intrinsic viscosity and average molecular weight (determined by 
birefringence measurements) of materials of unknown polydispersity. A 
reliable comparison cannot be made with the data of Meyer et al. (4), 
who reported an average intrinsic viscosity of 0.8 for various CSA prepa- 
rations. Their measurements were made on 1 per cent solutions in pure 
water. The intrinsic viscosity was taken equal to nsp»./C for this concentra- 
tion.? However, it was found that the viscosity of CSA solutions is 
greatly dependent upon the ionic strength of the medium when the ionic 
strength is less than 0.1. At concentrations below 0.5 per cent CSA in 
distilled water, msp./C’ was found to rise sharply with continued dilution; 
thus estimation of [n| by extrapolation was impossible. 


? Private communication from Dr. Kurt Meyer. 
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| Procedure 


1 ml. of enzyme solution and 0.5 ml. of 0.9 per cent saline are mixed 
with 1 ml. of CSA solution. After incubation for 45 minutes at 38° in 
Evelyn colorimeter tubes, 10 ml. of acidified albumin solution (at room 
temperature) are added with constant shaking. Exactly 5 minutes later 
(by stop-watch) the tube is read in the Coleman junior spectrophotometer 
at a wave-length of 600 mu. 


600 


OPTICAL DENS! 


° 


t 
0.05 0.10 0.15 0.20 


MG. CHONDROITIN SULFURIC ACID 
Fig. 1. Relationship of turbidity to CSA concentration 


TaBLe I] 
Effect of pH on Turbidity Development 
Final pH of mixture .................. 4.68 4.40 4.20 4.15 4.01 3.80 3.43 
Optical density. ............ 0.021 | 0.235 | 0.284 | 0.278 | 0.268 | 0.239 | 0.172 
EXPERIMENTAL 


Relationship of Optical Density to CSA Concentration—The turbidity 
produced by adding acidified albumin to CSA is directly proportional to 
the CSA concentration. As illustrated in Fig. 1, the relationship is almost 
linear within the range of 0 to 0.2 mg. of CSA. 

Effect of pH on Turbidity Formation—The optimum pH for the pre- 
cipitation of the CSA-albumin complex was determined in a series of 
experiments in which the pH of the albumin solution alone was varied. It 
is evident from Table II that maximum turbidity develops at pH 4.20. 

Effect of Variation of Ionic Strength on Turbidity Development—The 
development of turbidity is dependent upon the concentration of salts as 
well as the pH of the final mixture. Table IIT shows the results of experi- 
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ments (carried out at pH 4.20) in which the ionic strength was varied by 
addition of sodium chloride. It is evident that maximum turbidity is 
obtained at the lowest salt concentration. 

Effect of Time of Reading on Turbidity—The turbidity was found to 
decrease with time. Table IV shows that the readings taken at 5 minutes 
give the maximum spread of optical density for the range of concentration 
of polysaccharide. 

Effect of Albumin Concentration on Turbidity Development—It was noted 
that the turbidity obtained with fixed amounts of CSA varied with the 
concentration of albumin present. A maximum turbidity was reached at 


TaB_eE III 
Influence of Ionic Strength on Turbidity Development 
Optical density 0.282 0. 260 0.158 0.024 


‘Tanne LV 


Kffect of Time on Turbidity Development 


CSA 
Time 0.06 =e, | | 0.09 mg. 0.12 0.15 me. 0.20 mg. 
5 0.090 0.134 0.180 0.217 0.280 
10 0.090 0.130 0.173 0.205 0.265 
15 0.089 0.130 0.170 0.193 0.248 


a concentration of about 0.2 mg. per ml. ‘To assure an excess the albumin 
solution used routinely was made up to 0.5 mg. per ml. 

Relationship of Turbidity to Enzyme Concentration—A roughly linear 
relation between turbidity and enzyme concentration (Fig. 2) is obtained 
when the enzyme is incubated with CSA under the test conditions. 

Effect of pH on Activity of Chondroitinase—The variation of enzyme 
activity with pH was determined in a series of tests in which all other 
conditions were kept essentially constant. A set of buffers was prepared 
by adding varying amounts of citric acid to 0.3 mM NasHPO, and diluting 
to 0.15 m in phosphate. While the buffers differed slightly in ionic 
strength, as well as in pH, the differences in enzyme activity found were 
mainly a function of pH. From the data shown in Table V the optimum 
PH is seen to be in the region of 5.0. 


e 

W 
Ot 

pH 
O; 

Io 

I 

2 
tl 
(s 
di 

b 


M. B. MATHEWS, S. ROSEMAN, AND A. DORFMAN 331 


' Effect of Ionic Strength on Chondroitinase Activity—The variation of 
' enzyme activity with ionic strength was determined by a series of tests in 
which the ionic strength was increased by the addition of sodium chloride. 
Other conditions of the test remained unchanged, with the exception that 


3 
° 
7 
z 
=0.! 
O 
i 1 1 
0.75 1.50 2.25 3.00 
UNITS OF ENZYME PER ML. 
hia. 2, Relationship of turbidity to enzyme concentration 
V 
: Effect of pH on Activity of Chondrottinase 


Optical density with 2 units 


enzyme per ml.............. 0.179 | O.170 | 0.183 | 0.195 | 0.230 | 0.275 

VI 
n Effect of Ionic Strength on Chondroitinase Activity 

025 | 030 | 035 | o4 | 04s 
; Optical density 

Initial turbidity.................. 0.308 | 0.205 | 0.205 | 0.285 | 0.288 
e 2 units enzyme per ml............. 0.142 0.150 0.170 | 0.190 0.208 
r 
d the initial turbidity declined slightly with increasing salt concentration 
g (see Table III). As is seen in Table VI, increasing the ionic strength 
e diminished the activity of the enzyme. This effect would have appeared 
” more prominently had not the turbidity development also been affected 
n 


by the ionic strength. 
Effect of Serum Hyaluronidase Inhibitor on Chondrottinase Activity—Ex- 


a: 
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periments were performed to measure the inhibitory action of normal 
human serum upon the CSA-depolymerizing activity of a standard enzyme 
prepared from hovine. testes. The method used was essentially that de- 
scribed for the determination of the effect of the inhibitor upon hvyalu- 
ronidase (7), the only differences being the substitution of CSA for hy- 
aluronic acid and the use of 3 units of hyaluronidase activity in place of 6 
units in the assay system. 

The effect of a large group of metals in varying concentrations upon the 
inhibitor-hyaluronidase system has been investigated and will be pub- 


TaBLeE VII 
Inhibition of Hyaluronidase and Chondrottinase by Normal Human Serum 
Added metal* 
MgCh, | M ZnCle, 
Eneyme acivity | None | | | | | 
Unitst inhibitor per ml. serum 
Hyaluronidase......... 76 218 196 250 148 20 
Chondroitinase....._.. 60 153 147 142 153 36 


* In the absence of serum, added metal had no effect upon the enzyme activities. 
+ 1 unit of serum inhibitor inhibits completely 1 unit of hyaluronidase under the 
conditions of the assay. 


Tance VIII 
Hyaluronidase and Chondroitinase Actinities in Purified Testicular Preparations 
Fraction No, AWTY 11 1IM4A 100A 
Hyaluronidase, untls per mg. 1100 MOO | 12,700 | 17,400 | 90,000 
Chondroitinase, 1100" 200 13,200 | 17,500 | 85,000 


* This value for chondroitinase activity of Fraction SITY11 was assumed arbi- 
trarily equal in units to the hyaluronidase activity of the preparation which was 
employed as a standard for both activities. 


lished shortly. For comparative purposes, some of these metals were also 
tested in the inhibitor-chondroitinase svstem. These data are presented 
in Table VII. It is evident that serum and metal affect both enzyme 
activities in a similar manner. 

Chondroitinase Activity of Purified Hyaluronidase Preparations—The 
chondroitinase activity of a series of partially purified hyaluronidase 
preparations (8) was determined according to the assay procedure out- 
lined above. From Table VIII it can be seen that the chondroitinase 
activity closely parallels the hyaluronidase activity through successive 
fractionations over a wide range of purification. 
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To avoid loss of enzyme activity during assay of Fraction LOOA (Table 
VIII), the assay procedures were modified by replacing the usual buffer 
used for enzyme dilution with 0.02 m sodium phosphate, pH 5.5, containing 
0.45 per cent NaCl and 0.01 per cent bovine albumin (Fraction VY). 


DISCUSSION 


The data presented in this paper have been obtained from experiments 
with a single preparation of CSA. It is to be expected that variations will 
be found when preparations of different purity, molecular size distribution, 
etc., are tested in a similar manner. However, since the unit of chon- 
droitinase activity is defined in terms of a standard enzyme preparation, 
the assay system should be relatively insensitive to minor changes in 
substrate composition. Until pure CSA with a known narrow molecular 
size distribution is available, the small variations in the assay procedure 
to be anticipated with the use of different CSA preparations can be mini- 
mized by adjusting the concentration of each CSA solution to yield a given 
optical density. 

Humphrey (8) observed that the action of testicular hyaluronidase 
upon CSA and hyaluronic acid, under similar conditions, liberated re- 
ducing groups from both substrates at the same rate. Since separation of 
these activities could not be achieved, he suggested that a single enzyme 
was responsible for both activities. ‘The most highly purified preparation 
of testicular hyaluronidase obtained by Hahn (9) depolymerized CSA. 
Recently, Meyer and Rapport (10) reported that testicular preparations 
of varying potencies in hyaluronidase showed a constant ratio of activity 
toward the two substrates when the activity was measured turbidimetri- 
cally as well as reductimetrically. It is estimated that the potencies of 
the preparations used by Meyer and Rapport varied from about 600 to 
6000 units per mg. of nitrogen in terms of the hyaluronidase unit: em- 
ployed in the present work. 

Comparison of the two activities was extended in the present work to 
testicular preparations with purities up to 90,000 units per mg. of nitro- 
gen. ‘The ratios of activity toward CSA and hyaluronic acid remained 
essentially constant. From the evidence that has accumulated, it is 
highly probable that a single enzyme from bovine testes depolymerizes 
both CSA and hyaluronic acid. Final proof that the two activities are 
thus related, however, must await preparation of pure hyaluronidase. 

The depolymerizing action of the enzyme upon CSA cannot, as yet, be 
defined precisely in terms of molecular structure. To date, tests with 
preparations from other sources, 2.e. bacterial and leech, reveal no de- 
polymerizing action against CSA (11). For these reasons, it appears 
practical to employ a unit of chondroitinase activity based upon a definite 
amount of partially purified enzyme from bovine testes. When the same 
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standard enzyme preparation is used as the basis for the definition of both 
activities, the unit of chondroitinase activity may then be arbitrarily taken 
equal to a unit of hyaluronidase activity. 


SUMMARY 


1. A turbidity method for determination of the chondroitinase activity 
of testicular hyaluronidase preparations has been described. 

2. The ratio of the chondroitinase to hyaluronidase activity has been 
found to remain constant for a series of enzyme fractions ranging in purity 
from 1100 to 90,000 units per mg. of nitrogen. 

3. The inhibitor of hyaluronidase in normal serum, in the presence of 
various metal ions, acts in a similar manner upon both chondroitinase and 
hyaluronidase activities. 

4. From the evidence obtained it appears highly moutinbiins that a single 
enzyme from bovine testes depolymerizes both CSA and hyaluronic acid. 
Final proof that the activities toward each substrate are thus related must 
await isolation of pure hyaluronidase. 

5. It is proposed that a unit of chondroitinase activity be taken as equal 
to a unit of hyaluronidase activity, which has already been defined in 
terms of a standard enzyme preparation. 
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BINDING OF MUCOPOLYSACCHARIDES AND DYES 
BY COLLAGEN* 


By JULIA EINBINDER ann MAXWELL SCHUBERT 


(From the Department of Biology, Graduate School, and the Department of Chemistry 
and the Study Group on Rheumatic Diseases, New York University 
College of Medicine, New York, New York) 


(Received for publication, July 1, 1950) 


Cartilage seems to be composed almost exclusively of collagen and 
chondroitin sulfate (1). Meyer and Smyth (2) have expressed the view 
that the major portion of cartilage is a protein salt of chondroitin sulfate. 
Partridge (1), from a study of the electrophoretic properties of cartilage 
mucoid, concluded that it contains a complex of a protein with chondroitin 
sulfate and that this complex is not a salt. The protein of this mucoid is 
presumed to be collagen or a closely related protein. Meyer, Palmer, and 
Smyth (3) studied complexes analogous to mucoids, formed by precipita- 
tion at acid reaction from solutions of proteins and chondroitin sulfate, 
and concluded that these complexes are salts. In such salts the muco- 
polysaccharide must be anionic, the protein cationic. 

Knowledge of the conditions under which the salt-like combination of 
collagen and mucopolysaccharides can occur is a matter of importance not 
only for mucopolysaccharide purification but also for understanding the 
chemistry of connective tissues. Applied to collagen, the problem is to 
determine the pH range over which the cationic groups of the insoluble 
collagen fibers are capable of binding anionic groups of mucopolysaccha- 
ride, A study is presented of the fixation of mucopolysaccharide anions 
by purified but undegraded collagen and a comparison is made with the 
fixation of anions of acid dyes by collagen, 


Methods and Observations 


To prepare collagen, fresh rat tail tendon or cattle Achilles tendon was 
cleaned of all non-collagenous tissue, cut into small pieces, and extracted 
for 6 days at 0° with several changes of 3 per cent NaglTPO, to remove 
soluble proteins. To remove mucopolysaccharides the tendon was next 
extracted for 6 days at 0° with 25 per cent potassium chloride solution. 
The residue was then thoroughly washed with water, dehydrated with 


* Part of the material of this paper is from a Master of Science thesis accepted 
by the Department of Biology, Graduate School of Arts and Sciences, New York 
University, and part was supported by the Masonic Foundation for Medical Re- 
search and Human Welfare. 
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absolute alcohol, and air-dried. Such material contained less than 0.2 per 
cent ash as sulfate and less than 0.1 per cent hexosamine. 

Potassium chondroitin sulfate was prepared in pure form as described 
previously (4). Potassium hyaluronate was prepared from human um- 
bilical cords by a similar method. The acid dyes, Biebrich scarlet, orange 
G, and tropeolin O, were commercial preparations and each was purified 
by recrystallization of the sodium salt before use. 

To measure the binding or fixation of these substances by collagen, the 
following procedure was used. A weighed sample of about 100 mg. of dry 
collagen was shaken continuously for 2 days with 100 ml. of a solution of 
mucopolysaccharide or dye containing 0.01 mM phosphate buffer, 0.01 m 
citrate buffer, or 0.01 to 0.05 m hydrochloric acid. A few drops of CHC), 
were added to inhibit microbial growth. To measure the quantity of 
mucopolysaccharide fixed by the collagen, hexosamine was determined in 
the solution before and after shaking with collagen. To measure the 
amount of dye fixed, the optical density of the solution, at a suitable 
wave-length and dilution, was measured before and after shaking with 
collagen. Both mucopolysaccharides and dyes were used at concentra- 
tions of about 0.002 m. This was high enough so that an increase in 
concentration did not produce increased fixation of mucopolysaccharide or 
dye. All the dyes studied obeyed Beer’s law in the range of concentration 
used and showed no change in spectrum over the pH range covered. The 
wave-lengths at which their densities were measured were 510 muy for 
Biebrich scarlet, 485 my for orange G, and 410 mu for tropeolin O. The 
latter does not correspond to a maximum in the absorption curve, but there 
is none in the visible range. 

The results of these measurements of fixation of both mucopolysaccha- 
rides and dyes, calculated as milliequivalents per gm. of collagen, are 
presented in Fig. 1. The equivalent weights of the mucopolysaccharides 
are considered to be units composed of 1 mole of acetylhexosamine and 1 
of hexuronic acid. Thus an equivalent weight of chondroitin sulfate 
contains one carboxylate group and one sulfate group, while an equivalent 
weight of hyaluronate contains only one carboxylate group. Chondroitin 
sulfate and the dyes behave in a similar manner. Only at pH values more 
acid than 7 are they fixed at all by collagen. With decreasing pH, there 
is in each case a steep rise to a maximum in the amount of anion fixed. 
This maximum amount is in all cases about 1 m.eq. per gm. of collagen. 
The pH at which the maximum amount is fixed varies for the different 
substances from 2.0 to 3.5. At more acid pH values there is a sharp fall 
in the amount of dye or chondroitin sulfate fixed. Hyaluronate shows a 
difference in that fixation occurs only at pH values more acid than 3 and 
then reaches a maximum in the amount fixed equal to only 0.5 m.eq. per 
gm. of collagen. 
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The fixation of dye or chondroitin sulfate to collagen involves only the 
anions of these compounds. This was proved by determination of the 
ash of collagen samples that had fixed maximum amounts of Biebrich 
scarlet or chondroitin sulfate. In each case the ash as sulfate was no 
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Fig. 1. Relation between pH and milliequivalents of various anions fixed per gm. 
of collagen. 


it, 
M higher than that of the collagen itself, that is less than 0.2 per cent. If 
& the potassium ions of the potassium chondroitin sulfate had also been 
d fixed, the ash as sulfate of a collagen-potassium chondroitin sulfate com- 
pT 


plex at the pH of maximum fixation would be over 10 per cent. 
To be sure that the values recorded in Fig. 1 represent true equilibrium 
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values, two sets of experiments were performed. In one set collagen was 
shaken with the same buffered dye solutions for 4 days. The results gave 
values of anion fixation identical with values of Fig. 1. In the second set, 
buffered dye solutions were brought to equilibrium with collagen, the pH 
of these solutions was then altered, and the system brought to equilibrium 
again. The amount of dye bound by the collagen now corresponded 


closely to the value expected at the new pH. : 
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MEQ. OF MUCOPOLYSACCHARIDE PER ML. 
Fic. 2. Relation between milliequivalents of dye fixed per gm. of collagen at 1 


constant dye concentration (0.002 mM) and increasing concentration of mucopolysac- a 
charide or salt. Curve A, orange G and KCl, pH 3.0; Curve B, orange G and Kk r 
hyaluronate, pH 3.0; Curve C, tropeolin O and K hyaluronate, pH 3.0; Curve D, e 
orange G and K chondroitin sulfate, pH 3.0; Curve F, tropeolin O and K chondroitin 
sulfate, pH 3.0; Curve F, orange G and K hyaluronate, pH 1.9; and Curve G, orange e 
G and K chondroitin sulfate, pH 1.9. t 
h 
Collagen of both rat tail tendon and beef Achilles tendon was used in g 
some of the experiments plotted in Fig. 1. ‘The results show that these SI 
two forms of collagen are essentially the same in regard to their capacity to C 
fix dye or mucopolysaccharide. C 
Collagen undergoes great swelling in the same pil range as that in which 
anion fixation was measured (5). However, in the presence of the dyes or ( 
chondroitin sulfate no appreciable swelling of collagen occurs over this se 
same pIl range. ‘These are the cases in which anion fixation occurs. In r 
the presence of hyaluronate, which is not fixed in significant amounts at n 
pH values above 2, there is a great swelling of collagen around pIt 2 and d 


3, just as there is with collagen alone at this acidity. by 
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If chondroitin sulfate combines with the same cationic centers as the 
dyes, then it would be expected to have an inhibitory effect on dye fixation 
by collagen. Since hyaluronate seems not to be fixed as an anion, it 
should have little effect on dye fixation by collagen. Experiments were 
therefore set up in which collagen was shaken with dye in the presence of 
increasing amounts of chondroitin sulfate or of hyaluronate at pH 2.0 
and 3.0. The results are presented in Fig. 2. In the presence of in- 
creasing concentrations of chondroitin sulfate there is a very sharp drop 
in the milliequivalents of dye fixed per gm. of collagen (Curves D, E, and 
G). Increasing concentrations of hyaluronate on the other hand produce 
only a slight drop in dye fixation (Curves B, C, and F). It is clear that 
chondroitin sulfate is a potent competitor of the dyes for fixation to colla- 
gen but that hyaluronate is not. Even at pH 2, where hyaluronate 
appears in some measure to be fixed by collagen, it is scarcely able to 
displace the dye. Hyaluronate could not be tested to.as high a level of 
concentration as chondroitin sulfate because of the great viscosity of its 
solutions. It seemed desirable to compare the competitive effect pro- 
duced by potassium chondroitin sulfate in displacing dye from collagen 
with the effect of a simple neutral salt. The result of such an experiment 
with potassium chloride is also included in Fig. 2. Only at relatively 
high salt concentrations does potassium chloride also interfere with dye 
fixation. 


DISCUSSION 


The segments of the curves of Fig. 1, lying between pH 7 and the max- 
ima, are similar to the acid titration curve of collagen as given by Bowes 
and Kenten (6). The acid titration curve has a mid-point at pH 3.7 and 
reaches a maximum fixation of acid of 0.90 mm per gm. The dye fixation 
curves of Fig. 1 have mid-points between pH 3.6 and 4.2 and maxima 
ranging from 0.86 to 1.2 m.eq. per gm. of collagen. The simplest interpre- 
tation of this part of the curve of anion fixation by collagen is that, as 
hydrogen ions combine with the carboxylate anions of collagen, the cationic 
groups of the collagen become free to bind anions of dye or chondroitin 
sulfate. From the data of Bowes and Kenten (6) the total number of 
cationic groups is 0.96 m.eq. per gm. of collagen. In this respect the 
curves of Fig. | are similar to the acid dye fixation curves of wool keratin 
which have been extensively studied by Steinhardt, Fugitt, and Harris 
(7). A great difference, however, appears on comparing the more acid 
segments of the curves of collagen with those of keratin. All of the curves 
relating pil and anion fixation by collagen show a sharp drop from the 
maximum in the more acid range. This effeet has never been explicitly 
described before for collagen, although two indications of it have already 
been noted. Highberger (8), working in the absence of added salt, found 
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an actual decrease in the amount of acid fixed by collagen at pH below 2. 
Bowes and Kenten (9) found with tannic acid a similar decrease in its 
fixation below pH 2. This effect seems not to occur at all with keratin 
and may indicate some fundamental difference between the structures of 
collagen and keratin. The effect cannot be related to any change in 
structure of the dyes at higher acidity since there is no change in the 
absorption spectra of the dyes over the pH range considered. Theoretical 
treatments of proton and anion fixation by insoluble protein as formulated 
either by Steinhardt and Harris (10) or by Gilbert and Rideal (11) give 
no reason for expecting a decrease in anion fixation at low pH values. 
That dye anion is replaced by buffer anion is unlikely for two reasons. 
First, in the case of the chondroitin sulfate curve of Fig. 1, the entire range 
from pH 2.5 to 5.0 was covered with a single buffer, 0.01 M citrate. 
Second, in the cases of the dye curves, overlapping with HCl and citrate 
solutions at pH values of 2.0 and 3.0 showed no differences in the amount 
of dye absorbed. No explanation can be suggested to account for the 
decrease in anion fixation in the acid range. 

It seems that fixation of anions by collagen in the pH range considered 
is determined only by the strong acid groups present. Fixation of chon- 
droitin sulfate agrees with that of the dyes when its equivalent weight, as 
with the dyes, is taken as the weight containing 1 equivalent of sulfate. 
The carboxyl group seems not to function as an anion in the binding. 
This is in agreement with the fact that hyaluronate, which has only the 
carboxy]! group, is fixed only at pH values so low that the carboxylate ion 
has been converted to a carboxyl group and under these conditions cannot 
function as an anion. 

The data of both Figs. | and 2 indicate a difference between chondroitin 
sulfate and hyaluronate. Chondroitin sulfate is fixed as an anion by 
collagen in a manner similar to the fixation of dye anions, while hyaluronate 
is not fixed to the same degree at all. Yet both of these mucopolysac- 
charides can form insoluble mucoids with soluble proteins at acid reaction. 
Meyer, Palmer, and Smyth (3) studied the mucoids produced by pre- 
cipitation of several proteins, including gelatin, with chondroitin sulfate. 
They concluded that mucoids are salts formed by union of basie groups of 
the protein with acid groups of the polysaccharide. Their quantitative 
study of the ratio in which protein and chondroitin sulfate combine led to 
the further conclusion that chondroitin sulfate acts as a dibasic acid; 
that is, that both carboxylate and sulfate groups function in combining 
with protein. This brings out a significant difference between the action 
of chondroitin sulfate with the soluble gelatin and with the insoluble 
collagen; with gelatin both carboxylate and sulfate groups appear to 
function, with collagen only the sulfate group appears to funetion, In 
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the case of hyaluronate the combination with gelatin would be expected 
to occur through the carboxylate ion of the polysaccharide; combination 
with collagen occurs only at a reaction too acid for many carboxylate ions 
to be left in the polysaccharide. Whether the mucin clot produced by 
hyaluronate in acidified serum is really a salt-like mucoid may be doubted 
since Meyer (12) reports that such a clot is not produced by purified 
hyaluronate. The present work gives no basis for believing that salt-like 
compounds can exist at neutral reaction between mucopolysaccharides 
and collagen or that cartilage could be such a salt. 


SUMMARY 


A study is made of fixation of anions of acid dyes and of mucopolysac- 
charides to purified and undegraded collagen from two different sources. 
Chondroitin sulfate-and the dyes are fixed in maximum amounts propor- 
tional to the cationic groups of the collagen. These amounts are de- 
termined only by the strong acid groups of the anions. Hyaluronate 
fixation bears no relation to its anion content. A characteristic difference 
is pointed out between fixation of dye anions by collagen and by keratin. 
No evidence is found to support the idea that at neutral reaction collagen 
and mucopolysaccharides can form salts. 
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STUDIES OF ANTIMETABOLITES 
I. PYRIDINE-3-SULFONIC ACID AND 3-ACETYLPYRIDINE 
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(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, 
Detroit, Michigan) 


(Received for publication, August 21, 1950) 


In studies on the specificity of nicotinic acid, Woolley et al. (1) observed 
that pyridine-3-sulfonic acid (200 mg.) or 3-acetylpyridine (192 mg.) not 
only failed to alleviate blacktongue in dogs, but, on the contrary, killed 
the animals. The antivitamin activity of these compounds has since been 
investigated in mice (2, 3) and bacteria (3, 4). Pyridine-3-sulfonic acid 
appears to inhibit, in a specifically reversible manner, the growth of cer- 
tain bacteria which require nicotinic acid (4), but it is inactive in mice 
(3). On the other hand, 3-acetylpyridine is relatively inactive in bacteria, 
but in mice produces disturbances which are preventable by nicotinic 
acid (3). In normal dogs, both compounds are relatively non-toxic (1). 

Since at times effects which elude qualitative observation are detected 
by quantitative methods, it appeared of interest to determine the output 
of N}-methylnicotinamide before and during administration of the above 
antivitamins to bitches which either received adequate amounts of niacin 
or, though depleted, did not yet show signs of blacktongue. If structural 
analogues displace nicotinamide from coenzymes I and II or prevent its 
incorporation therein, excretion of the displaced or unincorporated nico- 
tinamide as N!-methylnicotinamide might be expected. 


EXPERIMENTAL 


Five adult bitches were used. The weight, water intake, and urine 
volume were recorded daily, and all urine periods were terminated by 
catheterizing and washing the bladder. 

In all experiments 3 drops of haliver oil were added to the daily ration. 
Diet 6, containing yeast, was used only asa complete ration. It consisted 
of casein 36 per cent, cracker meal 36 per cent; corn oil 20 per cent; pow- 
dered brewers’ yeast 4 per cent; and Phillips-Hart (5) salt mixture 4 per 
cent. The other two diets were used with and without inclusion of niacin 
in a supplement of water-soluble factors. The modified Goldberger diet 
consisted of ground yellow corn 73.5 per cent, vitamin-free (Labco) casein 
18.5 per cent, corn oil 5 per cent, calcium carbonate 1 per cent, calcium 
phosphate 1 per cent, and sodium chloride 1 per cent. Diet 8 was com- 
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posed of vitamin-free casein 42 per cent, corn oil 20.6 per cent, sucrose 
30.7 per cent, Phillips-Hart (5) salt mixture 4 per cent, and CaHPO,-2H,0 
2.7 per cent. The complete daily supplement for these two diets included 
5 ml. of 10 per cent choline chloride solution and the following amounts, 
in mg., of pure vitamins: thiamine hydrochloride 0.75, riboflavin 1.50, 
pyridoxine hydrochloride 0.60, calcium pantothenate 3.0, and niacin 7.5. 

N'-Methylnicotinamide was determined according to Huff and Perlzweig 
(6) and by the butanol method of Hochberg, Melnick, and Oser (7), modi- 
fied by using 200 mesh activated permutit and by substituting centrifuga- 
tion for the column technique. Coenzymes I and II were determined 
according to Levitas et al. (8) and cell volume by means of the Van Allen 
hematocrit (9). 


TABLE I 
Data Showing That Excretion of N'-Methylnicotinamide Is Unaffected by Pyridine-8- 
sulfonic Acid 
Dog 40, female bull terrier. This animal received 200 gm. of Diet 6 daily. The 
figures in parentheses are standard deviations calculated as follows: 


— X)*/(N — 1). 


Days of experiment N1-Methylnicoti ide excreted Pyridine-3-sulfonic acid fed 
mg. per day gm. per day 
1-7 12.3 (41.2) 0 
& 15.5 0.5 
13.5 0.5 
10 12.1 0.5 
11-15 12.3 (41.4) 0 


The method of synthesis precludes the presence of nicotinic acid in 
pyridine-3-sulfonic acid, and the sample which we purchased gave theo- 
retical values for sulfur when analyzed in our laboratory by the sodium 
peroxide method (10). 3-Acetylpyridine was purified by making an 
aqueous solution of its hydrochloride alkaline with sodium hydroxide 
and extracting the liberated base with ether. After removal of the ether, 
the base was fractionally distilled. 


Results 


Pyridine-3-sulfonic Acid—Adding 0.5 gm. of this acid to the daily ration 
of our stock Diet 6 produced, in Dog 40, no change in the excretion of 
N}-methylnicotinamide (Table I). In another animal, which received the 
modified Goldberger diet containing /73.5 per cent of ground yellow corn, 
feeding 2.0 gm. of the acid daily left the excretion of N'-methylnicotina- 
mide as well as the volume and coenzyme content of erythrocytes unaltered 
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(Table II). Niacin was supplied during Experiment 1 in Table II. It 
was then withheld, and Experiment 2 was begun after a depletion period of 
21 days. In none of the above experiments were any toxic effects ob- 
served. In keeping with the findings of earlier observers (11, 12) who used 
different methods, the niacin-deficient diet alone did not decrease the co- 


enzyme content of erythrocytes. 

3-Acetylpyridine—Large increases in N'-methylnicotinamide excretion 
followed the addition of 0.5 gm. of 3-acetylpyridine hydrochloride to the 
diet of two normal bitches, one of which was pregnant (Table III). 
increase in output of N'-methylnicotinamide indicated by the two methods 
employed, which differ in principle, was quite similar. 


TABLE II 


The 


Determinations of N'-Methylnicotinamide Excretion and of Volume and Coenzyme 
Content of Erythrocytes before and during Feeding of Pyridine-3-sulfonic Acid 


Dog 46, female collie. 


are standard deviations. 


This animal received daily 175 gm. of the modified Gold- 


berger diet, supplemented as described in the text. The figures in parentheses 


| | | Pyri 
Ex: | Days of N'-Methyl- | dine-3 
meat Weight Cell volume Diet 
: fed 
| keg. me. per day per cent y per ml. cells arg 
1 | 12.83 | 9.2 (44.05) 47.1 (42.1) | 61.9 (47.4) | Complete | 0 
20-30 | 12.89 | 9.5 (41.82) 43.0 (41.0) | 70.3 (47.8) | 2 
2 1-21: 2.8 (+0.8) 46.0 (42.6) 56.8 (11.9) Niacin-de- 0 
| ficient 
| 22-26 13.18 | 2.7 (40.35) 47.8 (41.9) 57.1 (48.1) Niacin-de- 2 
| ficient 


In a third animal, which received the purified Diet 8, NV'-methylnico- 
tinamide output fell promptly when niacin was omitted from the vitamin 
supplement (Table IV). The rise when 0.5 gm. of 3-acetylpyridine was 
given on the 55th day of the experiment (42nd day of deficiency) was 
again striking. In the preceding experiments no untoward effects were 
observed, while in the present one disturbances which were not completely 
reversible occurred promptly. The animal refused food and, despite in- 
jection of nicotinate, developed the usual signs of blacktongue: vomiting, 
diarrhea, salivation, and some ulceration in the mouth. Food consump- 
tion returned to normal, but diarrhea and some vomiting still persisted 
on the 72nd day of the experiment, 17 days after feeding 3-acetylpyridine. 
Bromosulfalein retention was within the normal limits given by Drill 
and Ivy (13). 
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III 
Effect of 3-Acetylpyridine on Excretion of N'-Methylnicotinamide in Normal Dogs 
Methylnicotinamide, | N1-Methylnicotinamide, 
Weight | Berleweig Hull modited butanol "| ,S-Acctyloyriding 
Dog 50, female bull terrier 
kg. mg. per day mg. per day gm. per day 

1-12 16.35 3.2 (41.1) 3.2 (41.1) 0 
13 16.30 60.0 76.8 0.5 
14 16.19 72.0 80.0 0.5 
15 16.19 10.2 12.8 0 
16 16.08 5.9 0 

Dog 52, female cocker, pregnant* 

1-12 12.81 8.8 (42.4) 9.2 (42.2) 0 
13 12.95 95.9 $4.0 0.5 
14 12.95 111.2 104.0 0.5 
15. 13.08 113.0 88.9 0.5 
16 13.08 52.0 48 .2 0 
17 13.18 23.8 20.8 0 
18 13.18 16.7 16.3 0 
19 13.30 15.8 15.7 0 
20 13.41 14.2 13.9 0 


Dog 50 received 150 gm. and Dog 52, 125 gm. of Diet 6 daily. The figures in 
parentheses are standard deviations. 
* Delivered a normal litter a month after the experiment ended. 


TABLE IV 


Increase in Output of N'-Methylnicotinamide after Feeding 3-Acetylpyridine to Bitch 


Dog 44, female terrier. 
mented as described in the text. 


Depleted of Niacin 


This animal received 150 gm. of Diet 8 daily, supple- 
The figures in parentheses are standard devia- 


tions based on the data for each day of the lst period and for 13 days during the 


2nd period. 
Weight N Diet and supplements 
keg. mg. per day 
1-9 14.12 12.1 (42.2) Diet 8, with niacin 
10-54 14.32 1.9 (+0.6) ‘* 8, without niacin 
55 14.27 68.0 Same + 0.5 gm. purified 3- 
acetylpyridine 


Isolation of N}-Methylnicotinamide from Urine after Feeding 3-Acetyl- 


pyridine—Although fair agreement between two methods of determination 


YIiiM 
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indicated that the substance appearing in the urine of bitches treated 
with 3-acetylpyridine is N!-methylnicotinamide, isolation of the latter was 
obviously necessary to make the evidence conclusive and to enable us to 
undertake tracer studies. Dog 48, a female collie, was fed Diet 8, supple- 
mented as already described, with haliver oil, choline, and the niacin- 
deficient vitamin mixture. After the 2nd day, excretion of N'-methyl- 
nicotinamide averaged 1.5 mg. per 24 hours. Thereafter, 500 mg. of 3- 
acetylpyridine hydrochloride were mixed with the diet daily for 6 days. 
Upwards of 50 mg. of apparent N!-methylnicotinamide were excreted per 
24 hours, and the pooled urines contained 357 mg. 


- 0,2 
-O4 
- 0.6 
-08 
12 


Fic. 1. Infra-red absorption spectra of mineral oil suspensions of N'-methyl- 
nicotinamide chloride. The scales at the left represent absorbance of suspensions of 
the known compound (above) and the isolated compound (below). 


By a method developed in this laboratory (14), a total of 115 mg. of 
unknown picrate was isolated, which melted at 189-190°. Known N!- 
methylnicotinamide picrate melted at 190-190.5°. The mixed melting 
point was 189-190°. The isolated picrate was decomposed with excess of 
hydrochloric acid and, after complete extraction of picric acid with ether, 
the solution was evaporated. The chloride, recrystallized from absolute 
alcohol, melted at 236-238°. The melting point of known N'-methyl- 
nicotinamide chloride and the mixed melting point were also 236—238°. 

Using Nujol suspensions and a Beckman IR-2 infra-red spectropho- 
tometer, we found that the absorption of isolated and known N'-methyl- 
nicotinamide chloride corresponded (Fig. 1). The infra-red spectra of 
nicotinic acid, nicotinamide, and 3-acetylpyridine were quite different, and 
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there was no evidence that these compounds were present in the isolated 
chloride. 


DISCUSSION 


Increased excretion of N!-methylnicotinamide after feeding a structural 
analogue of niacin has various implications, such as displacement of nico- 
tinamide from coenzymes I and II by the antivitamin, prevention of in- 
corporation of nicotinamide into these coenzymes, inhibition of the forma- 
tion of nicotinamide from nicotinic acid as suggested by MclIlwain (4), or 
other interferences with utilization of nicotinic acid, whether fed or derived 
from tryptophan. None of these possibilities require consideration in our 
experiments with pyridine-3-sulfonic acid, since no increased output of 
_ N'-methylnicotinamide was observed. Our hope was not realized that by 
a quantitative approach we might make it possible to detect effects of 
this antimetabolite without first inducing blacktongue, as in the original 
experiments of Woolley et al. (1), which yielded positive results. 

In the case of 3-acetylpyridine a different interpretation of our findings 
is possible. Since conversion of acetophenone to benzoic acid in the ani- 
mal body has been reported (15), the analogous oxidation of 3-acetylpyri- 
dine to nicotinic acid must be considered, although it would appear to be 
metabolic conduct unexpected of an antivitamin. That 3-acetylpyridine 
is tolerated by mice (3) and dogs (1) receiving adequate amounts of niacin 
does not necessarily prove that its toxicity in depleted animals is due en- 
tirely to intensification of niacin deficiency. A deficiency carried to the 
point of producing a disease such as blacktongue may alter the tolerance 
for a toxic compound, as it alters resistance to infection. On the other 
hand, if 3-acetylpyridine acts purely as an antivitamin, it may prevent 
utilization of nicotinic acid while the latter is being formed from it, meth- 
ylated, and excreted. Conversion of the acid to the amide (4) is obviously 
not the process that is blocked. Finally, if the site of conversion of 3- 
acetylpyridine to N'-methylnicotinamide by way of nicotinic acid should 
be localized in the kidney, inconsistency of this course of metabolism with 
antivitamin activity would also disappear. We are undertaking tracer 
studies to determine whether or not N'-methylnicotinamide arises directly 
from 3-acetylpyridine, as well as studies on the rate and the site of origin. 


SUMMARY 


1. Addition of pyridine-3-sulfonic acid to the diet of normal and niacin- 
depleted bitches showing no evidence of blacktongue did not affect the 
excretion of N'-methylnicotinamide, the coenzyme content of the erythro- 
cytes, or the health of the animals. 

2. Feeding 3-acetylpyridine to normal bitches receiving complete or 
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| | niacin-deficient diets resulted in greatly increased excretion of N!-methyl- 
nicotinamide, but produced no deleterious effects. ‘Two methods differing 
in principle were used for determination of N'-methylnicotinamide, and 
the results were confirmed in a final experiment by isolation and identifica- 
tion. 
3. In a niacin-depleted bitch, the marked increase in N!-methylnicotina- 
. mide excretion also occurred ufter feeding 3-acetylpyridine, and was ac- 
: companied by manifestations of blacktongue as well as disturbances ir- 
reversible by niacin. 
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THE INACTIVATION OF INVERTASE BY TYROSINASE 


If. THE INFLUENCE OF COPPER AND GOLD ON THE OXIDATION OF 
INVERTASE AND PEPSIN 


By IRWIN W. SIZER ann JOHN F. FENNESSEY* 


(From the Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts) 


(Received for publication, August 24, 1950) 


Previous studies from this laboratory have demonstrated the oxidation 
of certain proteins by tyrosinase (1, 2) and the inactivation of invertase 
by tyrosinase (3, 4). Different tyrosinase preparations vary greatly in 
their ability to inactivate invertase; in particular, certain dialyzed or very 
highly purified tyrosinase solutions seem to have lost their ability to ox- 
idize invertase. In Paper I of this series (4), it was emphasized previously 
that small amounts of a phenolic activator, e.g. catechol or tyramine, might 
play a critical réle in the inactivation of invertase and other proteins by 
tyrosinase. In the present study, the possible rdle of metal ions as activa- 
tors for the oxidation of invertase and pepsin has been studied. 


Methods 


Commercial tyrosinase preparations (Treemond, Syn-Zyme, and Worth- 
ington) were used in this study, but in a few experiments a catecholase 
fraction prepared according to Mallette et al. (5) was used. Tyrosinase 
activity of the Treemond stock solution was 4000 Muiller-Dawson units 
per ml. or 2000 units per mg. of dry weight. The other tyrosinase prep- 
arations were similar in activity. 

Yeast invertase of high purity! (6) was employed in all experiments. 
Except in the spectroscopic studies in which stock invertase was used, it 
was diluted 250 times with water before use. The stock invertase had a 
time value of 0.30 minute and contained 0.20 mg. of nitrogen and 0.4 mg. 
of carbohydrates per ml. 

In the standard procedure, 0.2 ml. of tyrosinase (stock solution diluted 
twelve times) is incubated with 0.5 ml. of 0.05 mM phosphate buffer, pH 
6.0, plus metal salt solution and water to make a final volume of 1.6 ml. 
Toluene (0.1 ml.) is added as a preservative during the 18 hours incubation 
at 37°. Two types of controls were used: the first was identical with the 
experimental except that the tyrosinase had been boiled; the second was 


* Fellow of the Guild of Saint Luke, Boston. Present address, Pathology De- 
partment, New England Medical Center, Boston, Massachusetts. 
1 Supplied by Dr. H. Dieu, University of Liége. 
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identical with the experimental except that it was run anaerobically. 
Oxygen was excluded from the control by flushing out the oxygen with 
nitrogen, and then removing the nitrogen and traces of oxygen with a high 
vacuum pump. Good agreement between the two types of controls is 
obtained except at very high metal ion concentration, when results with 
the boiled tyrosinase are unreliable. 


Results 


Results when the system contains 1 & 10~* mole of CuClk, per ml. are 
shown in Fig. 1. After incubation for 18 hours, the invertase activity of 


0 


INVERT SUGAR (mo) 


INVERTASE OXIDIZED 
BY TYROSINASE + Cu** 


| 


5 10 iS 
INVERSION TIME (min) 


Fig. 1. Intervase activity is measured by the rate of liberation of invert sugar 
from a standard sucrose solution. The invertase for the upper curve had been treated 
with inactive tyrosinase plus copper, while for the lower curve active tyrosinase 
plus copper was used. See the text for details. The inactive tyrosinase was either 
boiled tyrosinase (X or (3) or tyrosinase rendered inactive by the exclusion of oxy- 
gen from the system (A). 


the experimental and control solutions was measured by adding 5 ml. of 
12 per cent sucrose plus 3.4 ml. of buffer (0.05 m phosphate buffer, pH 
6.0) at 37°. 1 ml. samples of the digests were taken at 3 minute intervals 
and the amount of invert sugar determined (3) with the dinitrosalicylic 
acid reagent. In all experiments the hydrolysis of sucrose follows zero 
order kinetics (Fig. 1). Rates of hydrolysis measured from the slopes of 
the straight lines are accurate to +5 per cent. In the typical experiment 
shown in Fig. 1, the invertase inactivated by treatment with active tyro- 
sinase plus Cu*+* has only 55 per cent of the activity of the controls. Iden- 
tical results were obtained when spectroscopically pure CuCl, was used 
instead of the c.p. chemical. 

The acceleration by Cu*++ of the destruction of invertase by tyrosinase 
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is greatly complicated by the fact that the Cu*+~ itself may partially in- 
hibit the invertase irreversibly over the same concentration range in which 
it 1s effective in facilitating the inactivation of invertase by tyrosinase. 


i00 
D 
% INACTIVATION go 
OF INVERTASE ® 
009 
= 
8 
0.07 
Y) 40 
INVERTASE + BOILED 
TYROSINASE + Cy 
Lid 
> 0.05r— 
INVERTASE + ACTIVE 
TYROSINASE + Cy 
0.03 -— 
0.01 


2 4 6 8 iO 2 
MOLES OF COPPER IN SYSTEM x 10? 
Fig. 2. Invertase activity measured as in Fig. 1 after treatment with either boiled 
or active tyrosinase is plotted as a function of the concentration of added copper 


ions. The upper curve presents, in per cent, the ratio of the experimental invertase 
activity to the control invertase activity. 


The relative inactivation of invertase by the Cu*+ plus boiled tyrosinase 
is compared with the inactivation in the presence of both Cut+ and active 
tvrosinase in Fig. 2. Except at copper concentrations above 1 
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the inactivation is much more extensive for copper plus active tyrosinase 
than for the metal plus boiled tyrosinase? and also occurs at a more rapid 
rate (see Fig. 3). In both instances the inactivation of invertase follows 
first order kinetics until about half the invertase is inactivated; it then 
proceeds much more slowly (Fig. 3). 
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Fic. 3. The kinetics of the inactivation of invertase by copper and by copper 
plus boiled or active tyrosinase are plotted as a function of the time of exposure of 
the invertase to these substances. 


Copper sulfate or acetate can replace the chloride in activating the tyro- 
sinase-invertase system. Cut is apparently as effective as Cut+ because 
the monovalent ion rapidly oxidizes to the divalent form and because the 
CuCl, is contaminated with CuCl. 

Dialysis of the copper-tyrosinase or the copper-invertase, before com- 
bining the components in the final system, results in the failure of invertase 
to be inactivated subsequently by the tyrosinase. Analyses of the copper 
firmly bound to the invertase are presented in a later section. 

The effect of a number of different metal salts on the invertase-tyrosinase 
system has been studied over a wide range of salt concentrations up to 


2 The curves come together at very high copper concentrations, presumably be- 
cause the boiled tyrosinase is less effective in binding free copper than is active 
tyrosinase. 
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concentrations which inhibit the invertase. Studies with AlCl;, (NH4)2SO,, 
NaCl, MnCl, CoCh, MgSO., NiCle, PbCl, FeCl;, and AgNO; indicate 
that none of these was contributary and that, of all the metals used, only 
gold* behaved like copper in the inactivation of invertase by tyrosinase. 
The results with gold are shown in Fig. 4. Both metals by themselves 
inhibit invertase, and at concentrations lower than those which produce 
partial inhibition of the invertase these metals do not facilitate the action 
of tyrosinase on invertase (see Figs. 2 and 4). 
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Fig. 4. Invertase activity, after treatment of the enzyme with either boiled or 
active tyrosinase, is plotted asa function of the concentration of added gold chloride. 


The effects of cupric ions on the rate of oxidation by tyrosinase of other 
substrates were studied. Similar studies with gold were unsatisfactory 
because, at the high concentration‘ required, the gold in the absence of 
protecting protein inactivated the tyrosinase. The standard manometric 
method of measuring oxygen consumption in the tyrosinase system was 
used (1, 7). The addition of 1 X 10-* m CuCl, to the substrate in m/30 
acetate buffer, pH 5.6, had no effect on the rate of oxidation of tyrosine, 
p-cresol, 3,4-dihydroxyphenyl-t-alanine, catechol, or glycyl-L-tyrosine.® 

3 Silver may have a slight effect, but silver by itself is so toxic to invertase that 
any additional effect of tyrosinase is obscured. 


* Much lower concentrations of gold were used in the invertase and pepsin studies. 
’ Delta Chemical Works. 
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On the other hand, the oxidation of 25 mg. of pepsin plus 0.5 ml. of tyro- 
sinase (1300 units per ml.) in 4.5 ml. of m/30 acetate buffer, pH 5.6, is 
greatly accelerated by the addition of 1 mg. of CuCl, to the system (Fig. 
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Fic. 5. The influence of copper on the rate of oxidation of pepsin by tyrosinase 
at pH 5.6 is followed by measuring oxygen consumption or increase in color at 400 
my of the system. 


5). The reaction was followed both manometrically by measuring oxygen 
consumption and colorimetrically by measuring the increase in absorption 
of light at \ 4000 A. Peptic activity was measured by the standard 
method of Anson (8) with hemoglobin as a substrate. It was found that 
neither the tyrosinase alone (1) nor CuCl, alone nor CuCl, plus tyrosinase 
effected any inactivation of pepsin. The manometric and spectroscopic 
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data indicate that, while Cut++ increases the 


307 


rate of pepsin oxidation by 


tyrosinase greatly, the end-point is about the same with or without the 


added copper. 


Unlike the situation with invertase, dialysis of pepsin 
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Fic. 6. Incubation of invertase or pepsin with tyrosinase (with or without added 
copper) causes an increase in absorption in the ultraviolet region. 


against distilled water after the addition of copper does not prevent the 
usual acceleration of pepsin oxidation by tyrosinase. Copper analyses 


(according to the method of Cartwright e¢ al. 


(9)) for the metal bound to 


pepsin showed that not all the copper was removed by dialysis for 4 hours 


against distilled water. The average of the 


data of ten experiments at 


pH 5.6 indicate that 9.9 atoms of copper were bound irreversibly by each 
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molecule of pepsin. Similar studies with invertase after removing the 
free copper by dialysis show 2.2 y of copper per mg. of dry weight of 
invertase. 

The effect of tyrosinase on pepsin and on invertase can also be studied 
by ultraviolet spectroscopy as previously described (1, 2). Incubation of 
both pepsin and undiluted stock invertase (Fig. 6) with tyrosinase results 
in an appreciable increase in absorption throughout the ultraviolet region. 
This increase in absorption is obtained both with and without copper ions 
added to the system. 


DISCUSSION 


Copper and gold, the only metals which activate the tyrosinase-protein 
system, exist in different valence forms and readily form complexes with 
many organic compounds. They belong to the same group in the periodic 
table and have low atomic volumes. Gold is much less satisfactory than 
copper in these studies, because gold strongly inhibits the tyrosinase. 
These metals are effective only in the oxidation of proteins by tyrosinase 
(e.g., invertase or pepsin) and have no effect on the rate of oxidation of 
substrates of low molecular weight, ¢.g., tyrosine, 3 ,4-dihydroxyphenyl- 
L-alanine, p-cresol, catechol, or glycyl-L-tyrosine. 

Two theoretical interpretations are suggested which may not be mutually 
exclusive. In a system in which tyrosinase has a high affinity for its 
substrate, the addition of a metal ion is not required, On the other hand, 
when the substrate is a protein with which tyrosinase has little ability to 
combine, the metal ion, by virtue of its ability to be bound to proteins, 
may facilitate the union between tyrosinase and protein substrate, ‘The 
metal ion by combining with the invertase or pepsin may render the enzyme 
unstable and more susceptible to oxidation by tyrosinase, Speetroscopic 
studies being carried out at the present time, as well as analytical data 
presented above, indicate that under the conditions of these experiments 
copper and gold ions are bound to invertase and pepsin and to typical 
amino acids and peptides as well. The results are quite similar to those of 
previous workers who have studied the binding of metal ions to amino 
acids, peptides, and proteins (10-14). 

In some respects the activation by copper of the tyrosinase-invertase 
and tyrosinase-pepsin systems is similar to the recent results of Shacter 
(15), who found that copper activates serum catecholase action on catechol 
by abolishing the lag period and enhancing the catecholase activity. The 
mechanism of copper action may be different, however, for with serum 
catecholase the copper appears to act by counteracting the effects of a 
sulfhydryl inhibitor. No evidence of such an inhibitor of the mushroom 
tyrosinase-protein system has yet been found. Further studies will in- 
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dicate whether or not copper ions greatly accelerate the oxidation by tyro- 
sinase of proteins other than invertase and pepsin. 


The authors are grateful to Miss J. Robinson and Dr. J. C. Moore for 
technical assistance. 


SUMMARY 


The inactivation of invertase by tyrosinase is greatly accelerated by the 
presence in the system of 1 X 10~-* m copper or gold, but not by other ions. 
The action of tyrosinase on invertase is also characterized by an increase 
in absorption of ultraviolet light with or without added metal ion. 

Copper ions were found to accelerate the oxidation of pepsin by tyro- 
sinase without change in peptic activity. 

Evidence that the copper actually forms a complex with invertase or 
pepsin at pH 5.6 was obtained from copper analyses made on these pro- 
teins after dialysis. Chemical analysis indicated copper bound to both 
these proteins: 2.2 y of Cu per mg. of dry weight of invertase and 9.9 
atoms of Cu per pepsin molecule. 

Unlike its effect on invertase and pepsin, copper does not increase the 
rate at which tyrosinase oxidizes substrates of low molecular weight such 
as tyrosine, 3 ,4-dihydroxypheny]-L-alanine, glycyl-L-tyrosine, p-cresol, and 
catechol. Apparently copper assists only in the oxidation of those 
substrates, such as proteins, for which tyrosinase has a relatively low 
affinity, 
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STUDIES ON HYALURONIC ACID AND RELATED SUBSTANCES 
I]. PERIODATE OXIDATION OF GLUCOSAMINE AND DERIVATIVES* 


By ROGER W. JEANLOZ axn ENRICO FORCHIELLIf 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, and the 
Department of Physiology, Tufts College Medical School, Boston, Massachusetts) 


(Received for publication, August 17, 1950) 


_ Although use of periodate oxidation in the determination of the struc- 

ture of polysaccharides is general (1), it has only rarely been applied to 
the study of polysaccharides containing amino sugars. Structures have 
been assigned to chondroitin sulfate (2) and to blood group A substance 
(3) after study of their behavior toward periodate ion. Periodate oxida- 
tion has also been applied to hyaluronic acid (4) and to heparin (4, 5). 

In view of its importance as a tool for the possible determination of the 
structure of hyaluronic acid and related polysaccharides, it was found 
necessary to study the behavior of periodate ion toward amino sugars 
possessing well determined structures. It is known that the periodate 
ion will not only oxidize a-glycol or a-amino alcohol, but that side reac- 
tions, depending upon the quantity of oxidant, temperature, pH, and even 
light, will take place (6, 7). 

Periodate oxidation of glucosamine with determination of the amount 
of ammonia liberated has been described by Van Slyke, Hiller, and Mac- 
Fadyen (8). ‘The liberation of formaldehyde in the oxidation of N-acetyl- 
glucosamine has been determined by Aminoff and Morgan (3); the oxida- 
tion of methyl N-acetyl-a-glucosaminide and its 3-methyl derivative was 
studied by Neuberger (9). The amount of ammonia liberated in the perio- 
date oxidation of mixtures of methylated chondrosamine and glucuronic 
acid was reported by Meyer, Odier, and Siegrist (2). The values reported 
by these authors do not correspond to those reported by Van Slyke, Hhller, 
and Mackadyen (8) for the oxidation of glucosamine. 

In the present work, the reaction of periodate with p-glucosamine, 
N-acetyl-p-glucosamine, methyl a-p-glucosamimde, and methyl NV-acetyl- 
a-D-glucosamimide has been studied at various temperatures and pH. The 
consumption of oxidant and the amounts of formie acid and ammonia 
liberated have been determined. 


* A preliminary communication has been published (Jeanloz, R., Experientia, 6, 
52 (1950)). 

t This investigation was aided by a grant from G. D. Searle and Company, Chi- 
cago, Ilinois. 
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EXPERIMENTAL 


N-Acetyl-p-glucosamine was prepared according to White (10), methyl 
a-D-glucosaminide according to Neuberger and Pitt Rivers (11), and 
methyl N-acetyl-a-p-glucosaminide according to Moggridge and Neuberger 
(12). 

Oxidation—Oxidations were carried out with an aqueous solution of 
metaperiodate at 5° and 25° in the dark. Values above pH 6.0 were es- 
tablished by addition of 2 mM sodium bicarbonate and between pH 3.0 and 
6.0 by the addition of various proportions of 2 M sodium acetate and 2 N 
acetic acid. Oxidations between pH 2.0 and 2.5 were carried out with 
periodic acid solution. 

The concentrations of the sugars to be oxidized were 0.1 to 0.2 per cent. 
The exact amount of oxidant added was 2 to 3 times larger than the 
amount, determined in a preliminary assay, consumed after 24 hours. 

A blank assay was carried out each time under similar conditions. The 
metaperiodate solution was unstable above pH 5 and deposited a precipi- 
tate of sodium paraperiodate which interfered with the assay, especially 
in the blank solution and at low temperatures. 

The consumption of periodate was determined by difference, values be- 
ing taken on aliquots of the oxidation solution and the blank solution, 
according to the method described by Jackson (1) with 0.1 N or 0.04 N 
iodine. 

Determination of Liberated Ammonia—The ammonia was separated from 
the oxidation mixture by steam distillation after addition of an excess of 
magnesium oxide in aqueous suspension.' Distillation and titration were 
carried out in the apparatus described by Markham (14) on an aliquot 
containing a maximum of 0.3 mg. of ammonia.’ 

Unoxidized glucosamine did not liberate ammonia when treated as de- 
scribed above. When sodium hydroxide was added instead of magnesium 
oxide, unoxidized glucosamine liberated ammonia quantitatively.’ Acetyl- 
glucosamine in boiling sodium hydroxide solution also liberated ammonia. 


‘A similar distillation was used by Posternak and Pollaczek (13) in the periodate 
oxidation of serine. 

? The efficiency of the apparatus was increased by the addition of a trap before 
the condenser. 

* After periodate oxidation of methylated chondrosamine, Meyer et al. (2) carried 
out the steam distillation of ammonia in the presence of sodium hydroxide; there- 
fore, they obtained a quantitative liberation of ammonia. However, it is impossible 
to conclude that the liberation of ammonia was due to the periodate oxidation. 

‘It was also observed that proteins, amino acids, and amides did not liberate 
ammonia when treated by steam in the presence of magnesium oxide. The proteins 
were Difco trypsin, pepsin, and Bacto-peptone, the amino acids were L-leucine, 
L-arginine, L-proline, L-hydroxyproline, and L-alanine, the amides, formamide and 
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Determination of Liberated Formic Acid—The oxidation was carried out 
at 5° with a metaperiodate solution and the formic acid was determined 
on aliquots according to Potter and Hassid (15) and to Bell, Palmer, and 
Johns (16). 


DISCUSSION 
The rate of the periodate oxidation is a function of temperature and pH. 
At 25°, the values of oxidant consumption obtained in the oxidation of 
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Fig. 1. Periodate oxidation of p-glucosamine at varying pH and temperatures. 
Moles of periodate consumed and moles of formic acid produced per mole of sugar 
oxidized. 


glucosamine (lig. 1), N-acetylglucosamine (ig. 2), and methyl N-acetyl- 
a-glucosaminide (Fig. 3) are in agreement with the theoretical figures, if 
the pH is maintained near 4.5. Above this pH value, the oxidant con- 
sumption is always greater than the theoretical value, whereas at a lower 
pl, the rate of oxidation is generally lower, but the oxidation curve does 
not have any definite inflection point. Similar observations are reported 
by Grangaard, Gladding, and Purves (6) in the periodate oxidation of 
starch. The oxidation curve of methyl a-glucosaminide (Fig. 4) does not 
have an inflection point when the reaction is performed at 25° and pH 


acetamide. On the other hand, ammonium sulfate did liberate ammonia quantita- 
tively under identical conditions. 
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Fic. 2. Periodate oxidation of N-acetyl-p-glucosamine at varying pH and tem- 
peratures. Moles of periodate consumed (solid line) and moles of formic acid pro- 


duced (dash line) per mole of sugar oxidized. 
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Fig. 3. Periodate oxidation of methyl] N-acetyl-a-p-glucosaminide at varying 
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4.5; the aldehyde formed is much less resistant to further oxidation than 
those derived from the three other sugars. 

_ At 5°, the side reactions caused by over oxidation ure generally absent. 
The curves of oxidation at pH 4.5 present the most definite inflection 
point. 


25° pH 4.5 x AMMONIA 25° pH 4.5 © 
5° 6.5 o 5° 45 a 
3.0 4.5 0 2.1 a 


2.1 a “* FORMIC ACID TITRATION o 
5° DISTILLATION @ 


MOLES PERIODATE CONSUMED - MOLES FORMIC ACID FORMED 
G3N803 VINOWNY S3°710N 


HOURS 


Fic. 4. Periodate oxidation of methyl a-glucosaminide at varying pH and tem- 
peratures. Moles of periodate consumed (solid line), moles of formic acid produced 
(solid line), and moles of ammonia released (dash line) per mole of sugar oxidized. 
Determination of formic acid carried out according to Potter and Hassid (15) (titra- 
tion) and to Bell et al. (16) (distillation). 


The abrupt change in the rate of the reaction, which indicates the end 
of the primary oxidation, depends on the spatial arrangement of the hy- 
droxyl or amino groups, on the stability of the compound resulting from 
the primary oxidation, and, for polymers, on the state of dispersion, be- 
sides the influence of temperature, pH, excess of oxidant, and light. It is 
therefore necessary not only to determine the oxidant consumption after 
24 hours, as is usually done, but also to establish the curves of oxidant 
consumption in order to determine the change in rate. 

The liberation of ammonia in the periodate oxidations of glucosamine 
(Fig. 5) and methyl a-glucosaminide (Fig. 4) is dependent on the pH of 
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the reaction mixture. In unbuffered medium, the pH is immediately 
brought below 2 by the formation of formic acid, and the values obtained 
for the ammonia show the same decrease in time as those obtained by 
starting the oxidation at pH 2. Under these conditions, most of the 
ammonia formed cannot be distilled, even in the presence of magnesium 
oxide, and, after 1 day, values below 0.3 mole are recorded; similar low 
values are reported by Van Slyke, Hiller, and MacFadyen (8) in the 
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0.2/1 UNBUFFERED «x 
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MOLES AMMONIA FORMED 
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Fic. 5. Periodate oxidation of p-glucosamine at varying pH and temperatures, 
buffered (solid line) and unbuffered (dash line). Moles of ammonia released per 
mole of sugar oxidized. 


periodate oxidation of glucosamine. Above pH 4, values higher than 0.5 
mote are observed, but they never exceed 0.75 mole. _ 

The lberation of formic acid has to be determined in an unbuffered so- 
lution and the rate of the reaction is similar, in most cases, to the oxidant 
consumption at 5° at below pH 2.5; therefore, equilibrium is reached only 
after a long time. The values obtained by distillation are in agreement, 
with those obtained by direct titration, if no ammonia is simultaneously 
released. In the latter case, the values obtained after distillation are much 
lower, and for the glucosamine (not reported in Fig. 1) erratic. 

Acetylation of the amino group of glucosamine does not protect the 
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bonds between C, and Cz and between C2 and C; from oxidation, for 5 
moles of the oxidant are consumed (Fig. 2). The reaction is complex, 
however, because only 2.5 moles of formic acid are produced without lib- 
eration of ammonia. The bond between C, and C2 of the methyl N-acetyl- 
a-glucosaminide is not oxidized near pH 4.5 at 25°, a fact previously 
observed by Neuberger (9), or at any pH between 3 and7 at 5°. The lib- 
eration of iodine reported by Neuberger (9) below pH 3 depends on the 
concentration of the sugar and oxidant and was not observed at the con- 
centrations used in the present work. 


TaBLe I 
Oxidation of p-Glucosamine with Iodine in Buffered Alkaline Solution at 5° 


E f iodi dded, 

50 160 
0.5 | 1 2 35 | 7 0.5 1 2.5 | 5.5 23 
Iodine used per mole | | ! | : | 

sugar, moles..... 0.79, 0.90 0.95 0.99 | 1.08 | 1.11 | 1.23 | 1.32 | 1.43 |1.51 


TABLE II 
Oxidation of N-Acetyl-p-glucosamine with Iodine in Buffered Alkaline Solution at 5° 
Excess of iodine added, per 50 230 
72 0.5 2.5 5.5 | 23 


Iodine used per mole 


sugar, moles...... 0.50 0.97 | 0.79 | 0.89 . 0.99 |1.00 


0.73 | 0.83 | 0.90 | 0.97 


In conclusion, the study of the periodate oxidation of glucosamine and 
three of its derivates shows that in order to obtain easily reproducible re- 
sults in agreement with the theory the following conditions are required: 
oxidation near pH 4.5 in a buffered medium at a low temperature (5°) in 
the dark and with a large excess of oxidant to minimize the influence of 
the concentration of reagent on the rate of oxidation. In each case, the 
curve of oxidant consumption has to be established in order to determine 
the change in rate of the reaction which indicates the end of the primary 
oxidation. 

lodine Oxidation of Glucosamine and N-Acetylglucosamine—To test the 
possibility of determining the reducing power of polysaccharides contain- 
ing amino sugars by iodine oxidation, the reaction of glucosamine and N- 
acetylglucosamine with iodine in alkaline solution was studied. The 
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method used was based on the modification by Auerbach and Bodlander 
(17) of the Romijn determination. The influences of excess of oxidant, 
light, and temperature were observed in preliminary assays. Further de- 
terminations were carried out at 5° in the dark.’ Under these conditions, 
neither methyl! a-glucosaminide nor methyl N-acetyl-a-glucosaminide was 
oxidized. The oxidation of N-acetylglucosamine proceeded stoichiometri- 
cally; z.e., 1 mole of sugar reduced 1 mole of iodine. The oxidation of 
glucosamine did not stop after the consumption of 1 mole of iodine, the 
over oxidation depending upon the excess of oxidant; the change in rate 
of oxidation gave a rough estimation of the amount of glucosamine. 


EXPERIMENTAL 


50 to 130 mg. of sugar were added to a mixture of 10 ml. of 0.2 M so- 
dium bicarbonate and 10 ml. of 0.2 m sodium carbonate; after mixing and 
cooling to 5°, 50.0 ml. of 0.04 N iodine, cooled to 5°, were added and the 
mixture, diluted with cold water to 100 ml., was kept in the dark at 5° 
(Tables I and II). Aliquots of 10 ml. were taken at various times, acidi- 
fied with 10 ml. of 5 N sulfuric acid, and titrated with 0.04 N sodium thio- 
sulfate with starch as the indicator. 


SUMMARY 


Periodate oxidation of p-glucosamine, N-acetyl-p-glucosamine, methyl 
a-D-glucosaminide, and methyl N-acetyl-a-p-glucosaminide has been stud- 
ied. It was established that oxidation at 5° and pH 4.5 in the dark elim- 
inates side reactions. 

Iodine oxidation of p-glucosamine and N-acetyl-p-glucosamine in alka- 
line buffered solution at 5° has also been studied. 
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discussed by Dumazert and Lehr (18). 
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ESTIMATION OF BLOOD ERGOTHIONEINE BY DETERMI- 
NATION OF BROMINE-LABILE SULFUR* 


By OSCAR TOUSTER 


(From the Department of Biochemistry, Vanderbilt University School 
of Medicine, Nashville, Tennessee) 


(Received for publication, August 11, 1950) 


Behre and Benedict (2) developed a procedure for the determination of 
ergothioneine, based upon the separation of this substance from uric acid, 
followed by estimation of the ergothioneine by its reaction with a phos- 
photungstic acid reagent. In discussing the inadequacies of this method 
and its modifications, Behre in 1932 (3) stated that ‘‘no great reliance can 
be placed on the figures so far obtained.”” Hunter (4) described a method 
based upon the reaction between diazotized sulfanilic acid and ergothio- 
neine under conditions designed to minimize coupling with other blood 
constituents. This procedure also proved unsatisfactory (5-8) and was 
later modified (9) so that it now appears to be considerably more reliable. 
It was implied, however, that tyrosine and histidine react to some extent 
in this procedure (9) and it has been suggested that uric acid may affect 
the test adversely (7, 9). Latner (7) has also reported a diazo procedure 
for determining blood ergothioneine, but the details of this method have 
not as yet been published. 


DISCUSSION 


Because of the lack of agreement concerning the value of existing meth- 
ods, an effort has been made to develop a procedure which might be more 
reliable than those already described, or which might be useful in deter- 
mining the reliability of these methods. Our method is based upon the 
unusual reactivity of the sulfur of ergothioneine with bromine water. In 
1935 Blumenthal and Clarke (10) reported that bromine water gives rise 
to sulfate from compounds containing a sulfur atom either linked to carbon 
by a double bond or in the form of sulfhydryl] linked to a carbon atom to 
which nitrogen or oxygen is attached. Sulfides, glutathione, cystine, and 
methionine yield no sulfate, whereas ergothioneine yields sulfate almost 
quantitatively. In our procedure, the sulfur of ergothioneine is oxidized 


* This work was supported in part by the Rockefeller Foundation and the Nutri- 
tion Foundation, Inc., through grants to the Division of Nutrition. A grant from 
the University Center Carnegie Research Fund is also gratefully acknowledged. A 
preliminary report of this work was presented at the meeting of the Federation of 
American Societies for Experimental Biology at Atlantic City, March, 1950 (1). 

1The conversion of ergothioneine sulfur to sulfate by bromine water had pre- 
viously been reported by Barger and Ewins (11). 
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to sulfate, which is then precipitated as benzidine sulfate. The benzidine 
in the precipitate is determined colorimetrically with sodium 8-naphtho- 
quinone-4-sulfonate. Our method for the determination of inorganic sul- 
fate is a modification of that of Letonoff and Reinhold (12). 

After several techniques had been tried for the preparation of protein- 
free extracts of red blood cells, it was found that hot 0.2 per cent uranium 
nitrate solution most consistently yielded colorless solutions and satisfac- 
tory extraction of the ergothioneine. Since the reports concerning the con- 
centration of thiocyanate in red cells are conflicting (13, 14) and since this 
radical yields inorganic sulfate quantitatively with bromine water, it was 
necessary to determine whether it was present in the uranium nitrate solu- 
tions. The amount of thiocyanate in the extracts was negligible, as meas- 
ured by a modification of the method of Burch, Lowry, Bessey, and Berson 
(15) for the determination of iron as ferric thiocyanate. 

A blank (which includes red cell inorganic sulfate) is obtained by omitting 
the bromine addition. This is usually very small. Duplicate determina- 
tions on blood usually agree within 15 per cent, while pure ergothioneine 
solutions can be analyzed with a precision of 5 per cent. Recovery of 
ergothioneine added to saline-washed blood cells has averaged 75 per cent 
in thirty-six determinations on human blood. There have been reports 
of the inability of the original diazo method to detect ergothioneine in 
some blood sampftes (5-9), and even zero recoveries have been obtained (7). 
We have found several samples of blood to be devoid of detectable quan- 
tities of ergothioneine, as measured by the bromine oxidation procedure. 
With three of these, recoveries, run simultaneously, were 93, 81, and 100 per 
cent, indicating that, unless the ergothioneine in the corpuscles of these in- 
dividuals was bound in some unique manner, the content was indeed ex- 
tremely low. 

We have made a comparison of our method with the recent one of Hunter 
(9). The ergothioneine concentrations obtained by the bromine oxidation 
procedure are about 70 per cent of those obtained by the diazo method. 
Some difference is to be expected in view of the lack of quantitative re- 
covery shown by our method. Furthermore, the fact that the Hunter test 
is run on whole blood rather than on red cells leads to an increase in the 
apparent ergothioneine content of the cells. The response of plasma to 
this test has been studied (9, 16), and our results confirm Hunter’s sug- 
gestion that the effect of plasma is due primarily to its content of tyro- 
sine and histidine. When the appropriate corrections are applied to the 
two methods under consideration, they yield ergothioneine concentrations 
which are in close agreement. It appears, therefore, that the same sub- 
stance is determined by both methods. 
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Procedure 


Preparation of Washed Corpuscles—1.5 ml. of whole blood (oxalated) are 
centrifuged for 25 minutes at 3000 r.p.m. The corpuscles are washed 
three times with 1 ml. portions of 0.9 per cent saline, 15 minutes centrif- 
ugation being employed each time. 

Preparation of Protein-Free Filtrate—1.5 ml. of hot 0.2 per cent uranium 
nitrate are added to the washed corpuscles. The suspension is stirred well 
and heated in a boiling water bath for 30 minutes. During heating the 
tube is covered with metal foil to minimize evaporation. The contents are 
stirred after 15 minutes in the water bath and at the end of the period. 
After centrifugation for 15 minutes, the supernatant is decanted into a 
graduated tube and the precipitate washed twice with approximately 0.6 
ml. portions of hot uranium nitrate solution. The volume of the com- 
bined extract and washings will be about 2.5 ml. If necessary, it is ad- 
justed to this volume with 0.2 per cent uranium nitrate. Ergothioneine 
is stable at 7° in this solution for at least 1 week. 

Conversion of Ergothioneine Sulfur to Inorganic Sulfate—The remainder 
of the determination is run in triplicate, together with one non-brominated 
blank. 0.45 ml. of the protein-free extract is diluted to 0.6 ml. with 0.4 
per cent uranium nitrate. 1 drop of bromine is added and the solution 
mixed well by swirling the tube. An additional drop or two of bromine 
is added after 20 minutes. After a total bromination time of 30 minutes, 
the solution is clarified by centrifugation for 15 minutes, decanted into a 
clean tube, and then freed of excess bromine by aspiration with air. 

Precipitation of Benzidine Sulfate—0.15 ml. of glacial acetic acid and 1.35 
ml. of 1 per cent benzidine in acetone are added to the bromine-treated 
solution, and the solution is mixed well, stoppered tightly, and placed in 
an ice bath for 30 minutes. The benzidine sulfate precipitate (which is 
barely visible) is collected by centrifugation (15 minutes at 3000 r.p.m.), 
the supernatant decanted, and the lip of the tube wiped with gauze wet 
with acetone. The precipitate and tube are washed twice with 1 ml. por- 
tions of acetone. The tube is allowed to drain for 3 minutes following the 
last decantation. 

Colorimetric Determination of Benzidine in Precipitate—The benzidine 
sulfate precipitate is dissolved in 0.15 ml. of 1 per cent sodium borate in 
0.1 n NaOH. (To aid solution, the tube is swirled and heated for 10 
minutes in a hot water bath.) 1.5 ml. of water and 0.15 ml. of 0.15 per 
cent sodium 6-naphthoquinone-4-sulfonate are then added. The solution 
is mixed and allowed to stand for 5 minutes. 0.3 ml. of acetone is added 
to suppress the color of excess reagent. The intensity of color is deter- 
mined in the Klett-Summerson colorimeter with Filter 50 (500 muy) and 
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micro tubes. A reagent blank is prepared from alkaline borate, water, 
naphthoquinone reagent, and acetone. 

A standard curve is obtained by using, in the procedure described above, 
0.1, 0.2, 0.3, and 0.4 ml. portions of a solution of 9.43 mg. of ergothioneine 
hydrochloride dihydrate? in 100 ml. of water, the volumes being made up 
to 0.6 ml. with 0.4 per cent uranium nitrate. This solution contains 0.001 
mg. of S per 0.1 ml. and is stable for at least a month in the refrigerator. 

Reagents—The benzidine is recrystallized from water; norite is used to 
remove some colored impurities. To test the purity of the benzidine, 5.75 
mg. are dissolved in water containing 2 equivalents of HCl and the solu- 
tion made up to 100 ml. with water. To 0.15 ml. of this solution is added 
0.15 ml. of the borate-sodium hydroxide solution, 1.35 ml. of water, 0.15 
ml. of the naphthoquinone reagent, and 0.3 ml. of acetone. The color- 
imeter reading should be between 175 and 200. The sodium 6-naphtho- 
quinone-4-sulfonate used was a commercial product which we recrystallized 
according to Folin (17). The uranium nitrate solutions are prepared from 
uranyl nitrate hexahydrate (UO.(NQO;3).-6H2O) of low sulfate content 
(0.005 per cent). 


Calculations— 
229 _, 2.5 100 1 EAN 
Mg. X 35 x 045 x x Pav ergothioneine in 100 ml. corpuscles 


where PCV represents the packed cell volume. 

Since there will seldom be interest in determining the amount of inor- 
ganic sulfate, the non-brominated sample can be used instead of a reagent 
blank. Then, bromine-labile sulfur, or ergothioneine itself, can be read 
directly from the standard curve. : 


Results 


A standard curve is given in Fig. 1. It is advisable to run a standard 
with each group of blood samples and to check the curve whenever new 
solutions are prepared. 

Table I contains the results of repeated analyses on uranium nitrate ex- 
tracts, and the ergothioneine concentrations obtained by analyzing three 
aliquots of the same blood samples. For comparison with the new method 
of Hunter (9), the ergothioneine concentrations, corrected for lack of quan- 
titative recovery (75 per cent), and the values obtained by the Hunter 
method are presented. 


2'The ergothioneine used in this study was purchased from Burroughs Wellcome 
and Company, London, England. It gavesatisfactory analyses for nitrogen and sulfur 
content. 
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In another series of comparisons, the bromine oxidation procedure gave 
results which averaged two-thirds of those obtained by the method of 


400- 


300- 


200- 


100- 


COLORIMETER READING 


0001 0002 0003 0.004 


MG. OF SULFUR 


Fia.1. Standard curve for the determination of ergothioneine in terms of bro- 
mine-labile sulfur. 


TABLE I 


Precision of Bromine Oxidation Procedure and Comparion with Modified 
Hunter Method (9) 


‘ ._, | Ergothioneine (ce) Red blood cell 
Colorimeter readings 100 Average of (5) 0.75 centr ati 
(a) (5) (c) (d) method 
mg. mg. 
C.W.W.)} 206, 200, 218, 179 8.3 
205, 214, 205 9.8 
186, 183 8.4 8.8 11.7 13.1 
H.C. M.| 355, 342, 360, 380 16.3 
400, 410, 375, 365 16.9 
425, 390, 382, 425 15.9 16.4 22.0 22 .2 
O. T. 134, 112, 155, 115 6.4 
104, 91 4.6 
: 108, 135, 117, 114 4.8 5.3 7.1 6.3 


| * Klett-Summerson colorimeter. 


Hunter. In the latter method, a coupling time of 45 seconds is employed, 
followed by addition of 10 N sodium hydroxide. ‘The intensity of the pur- 
plish pink color is then read at 520 mu. We investigated the behavior of 
histidine and tyrosine under these conditions. Both in pure solution and 
when added to blood, these amino acids increased the apparent ergothio- 
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neine concentration. A 0.5 ml. sample of blood was analyzed by the Hun- 
ter procedure, with use of a 2 ml. portion of the protein-free filtrate for the 
color reaction. The results are given in Table II. The 0.04 mg. supple- 
ments of tyrosine and histidine had apparent ergothioneine values of 0.014 
mg. and 0.020 mg., respectively. Proportional increases in apparent ergo- 
thioneine content were obtained when 0.005 mg. of tyrosine and 0.01 mg. 
of histidine were added to the 0.5 ml. blood samples. Since these amounts 
approximate the reported plasma concentrations of these amino acids (18), 
it may be estimated that they increase by about 1 mg. per cent the apparent 
red cell concentrations of ergothioneine obtained by the Hunter procedure. 
The method is a convenient one, however, and should be applicable when- 
ever the above amino acids are not present in abnormal amounts. In view 
of the agreement between Hunter’s method and the one presented in this 


TABLE II 
Response of Tyrosine and Histidine in Hunter Method 
E hionei 
Sample analyzed 2 mi aliquot of protein ae 
meg. meg. 
Unsupplemented whole blood 0.0073 
0.0082) 0.0080 0.020 
0.0086 
Whole blood + 0.04 mg. histidine 0.0170 
“é + 0.04 0.0150 0.0160 0.040 
“ +0.04 “ tyrosine 0.0135 
+ 0.04 0.0138 0.0137 0.034 


paper, it would appear that reliable estimations of ergothioneine concen- 
trations in blood can now be made. Furthermore, since the two methods 
are based upon different chemical principles, they might be used concur- 
rently in establishing procedures for the determination of ergothioneine 
in other biological materials. 

The determination of bromine-labile sulfur has yielded an average ergo- 
thioneine content of red cells of 7.3 mg. per cent for normal subjects. This 
may be compared with a mean of 9.6 mg. per cent obtained by the modified 
Hunter method (16) and the range of 5.0 to 14.1 mg. per cent reported for | 
the procedure of Latner (19), both of these determinations involving the 
use of a diazo reaction. 


SUMMARY 


A new method is presented for the estimation of ergothioneine in blood 
cells. It is based upon the conversion of the sulfur of ergothioneine to 
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sulfate by bromine water. The sulfate formed is precipitated as benzidine 
sulfate and the benzidine then determined colorimetrically with sodium 
8-naphthoquinone-4-sulfonate. The method yields blood ergothioneine 
concentrations comparable to those obtained by the new diazo procedure 


of Hunter. The response of tyrosine and histidine in the latter procedure 
has been studied. 


It is a pleasure to acknowledge the interest and advice of Dr. William J. 
Darby and the technical assistance of Miss Mary Clare Frazier and Mr. 
Jerome Abramson. 
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FACTORS AFFECTING THE ACTIVITY OF ACONITASE* 


By SHERMAN R. DICKMAN anbp A. A. CLOUTIER 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, June 26, 1950) 


The enzyme which mediates the equilibrium among citrate, cis-aconi- 
tate, and d-isocitrate was initially described by Martius (1). It was desig- 
nated aconitase by Breusch (2). 

Whether the equilibrium is catalyzed by one protein or two has been the 
subject of some discussion. Jacobsohn et al. (3) postulated two enzymes, 
whereas Martius and Leonhardt (4) considered that a single protein was 
involved. Buchanan and Anfinsen (5) achieved a 23-fold purification of 
aconitase and obtained no evidence for a separation of enzymes. Racker 
(6), on the other hand, reported an isocitrase-citrase ratio of 2.1 in crude 
heart extracts, while a purified preparation had a ratio of 7.5. 

It is obvious that an unequivocal answer to this question is dependent 
on a higher degree of purification of the protein or proteins than has yet 
been accomplished. Previous efforts in this direction have been greatly 
handicapped by the instability of the system. Krebs and Eggleston (7) 
found that glycerol stabilized the aconitase activity of crude extracts, but 
Buchanan and Anfinsen (5) reported that glycerol was ineffectual in main- 
taining the stability of purified extracts. These authors also observed that 
cysteine stabilizes crude solutions of aconitase but strongly inhibits puri- 
fied preparations. | 

Our initial objective in approaching these problems has been to stabilize 
aconitase. It has been reported by Dickman and Cloutier (8) that ferrous 
ion in combination with cysteine appreciably stabilizes crude aconitase 
solutions and that the addition of these agents restores dialyzed solutions 
to their original activity. Further work, to be described below, has demon- 
strated that these two reagents are also efficacious in stabilizing and activ- 
ating more highly purified aconitase preparations. 


Determination of Citric Acid 


The method described below is a modification of the methods of Natel- 
son et al. (9, 10) and of Speck et al. (11). 

0.5 ml. of the protein-free solution, containing 0.1 to 0.4 um of citric 
acid, is placed in a test-tube-shaped Pyrex volumetric flask, fitted with a 


*This work was supported in part by a grant from the United States Public Health 
Service and the University of Utah Medical Research Fund. 
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reground Silicone-greased standard taper stopper. To each flask 0.1 ml. of 
each of the following solutions is then added in order: 0.4 m KBr, 18 n 
H.SQ,, and 0.8 m KMnQ,.!' The group of unstoppered flasks is placed in 
a Kahn rack and gently shaken for 10 minutes in a shaking machine. 
Excess KMn0O, is destroyed by the addition of 0.1 ml. of 1.5 m NaNO, 
and the mixture is gently agitated.? 0.1 ml. of 2.0 m urea is added and the 
upright flasks shaken vigorously until the reaction subsides, generally 
about 4 to 5 minutes. 1.0 ml. of purified heptane (9) is added to each, 
and the flasks are stoppered and shaken in a horizontal position on the 
machine for 10 minutes. They are then centrifuged at 2500 r.p.m. to 
break the emulsion and the aqueous phase is removed with a syringe. 0.5 
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MICROMOLES CITRIC ACID 

Fic. 1. Quantitative determination of citric acid. Procedure described in the 
text. 


ml. of distilled water is added, the tubes shaken for 30 seconds, centri- 
fuged, and the aqueous layer again removed. A second water washing is 
carried out as described above. 1.5 ml. of 4 per cent thiourea in saturated 
borax solution are now added to the heptane solution and the mixture 
vigorously shaken in a horizontal position for 10 minutes.? The contents 
are poured into optically calibrated 10 K 75 mm. soft glass tubes and 
centrifuged. The absorbancy at 4350 A is determined with a Coleman 
junior spectrophotometer.‘ A standard curve, indicating that Beer’s law 
is followed up to 0.4 um of citric acid is shown in Fig. 1. 


! Since other compounds recognized as forming pentabromoacetone are known to 
be absent under these conditions, the preliminary oxidation was routinely omitted. 

2 The solution becomes cloudy at this step if more than 0.2 uo of citric acid is pres- 
ent. The formation of ‘‘clouds’’ serves as a rapid, semiquantitative test for citric 
acid under these conditions. 

3 It has been found convenient to prepare a large volume of borax solution satu- 
rated at room temperature. Solid thiourea is added to this solution just prior to use. 

4 We wish to thank Dr. Samuel Natelson for the information that the absorbancy 
at 4350 A is considerably more permanent than at 4500 A. 
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Determination of Aconitase Activity | 

4.5 ml. of water in each of a series of thick walled 100 K 14 mm. Pyrex 
test-tubes are brought to 30°. 0.1 ml. of enzyme solution is added to each. 
The reaction is begun by the addition of 0.5 ml. of a solution containing - 
20 uM of cis-aconitate at pH 7.4 and 30°. After 10.0 minutes in the bath, 
the reaction is stopped and proteins precipitated by the addition of 0.5 ml. 
of 50 per cent (weight to volume) trichloroacetic acid. After mixing and 
cooling the solutions in the refrigerator, the tubes are centrifuged and a 
suitable aliquot (usually 0.5 ml.) taken for citric acid analysis. Fig. 2 
demonstrates that under these conditions there is found a quantitative 
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MICROMOLES CITRIC ACID FORMED IN 10 MIN. 


00.05 0.30 


0.10015 0.20 
MI. ENZYME SOLUTION 

Fic. 2. Quantitative determination of aconitase. Each tube contained 20 um of 
cis-aconitate, pH 7.4, 30°. Citric acid determined as described in the text. 


' relationship between the amount of enzyme added and the quantity of 
citric acid formed. 

Definition of Aconitase Activity Unit—1 unit of aconitase activity has 
been taken as that amount of enzyme which forms 1.0 uM of citrie acid 
per tube in 10 minutes at 30° and pH 7.4. 


Determination of Protein Concentration 


The protein concentration of aconitase solutions has been determined 
by measurement of the absorbancy at 2800 A after dilution with 0.08 
nN KOH. A solution containing 1 mg. of protein per ml. as determined by 
micro-Kjeldahl analysis was found to have an Aggoo of 1.5. 


Materials 


cis-Aconitic anhydride was prepared from commerical trans-aconitic 
acid by the procedure of Malachowski and Maslowski (12). It was 
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recrystallized four times from benzene and melted at 77° (uncorrected). 
o-Phenanthroline, a,a’-bipyridyl, ascorbic acid, and glutathione were com- 
mercial preparations. 


Preparation of Aconitase from Frozen Pork Heart 


Active aconitase solutions have been obtained from fresh frozen pork 
heart or from frozen comminuted pork heart. With the former material 
the heart was freed from fat, cut into small pieces before freezing, and then 
ground twice in the frozen condition with a manually operated meat 
grinder. 

A typical preparation is described. 200 gm. of frozen heart are stirred 
mechanically at 0 to—2° with 600 ml. of 19 per cent EtOH for 30 minutes. 
The suspension is filtered by suction through cloth on a precooled Biichner 
funnel. The residue is again extracted with 600 ml. of alcohol at 0 to —3° 
and filtered. The extractions serve to remove considerable pigmented 
material, but these alcoholic solutions are devoid of aconitase activity. 

The cold residue is next placed in a precooled Waring blendor and 
blended 30 seconds with 600 ml. of 0.05 m phosphate, pH 7.0, and 150 ml. 
of CHCl;. The emulsion is centrifuged at 2500 r.p.m. in a refrigerated 
centrifuge. The pale pink supernatant is brought to 0.4 saturation with 
solid (NH,4)2SO,, the ice-cold solution being maintained at pH 7.4. The 
suspension is filtered by suction through cloth covered with a layer of 
Hyflo Super-Cel® or centrifuged in the cold. The clear filtrate is brought 
to 0.7 saturation with solid (NH,4)2SO,, the solution being maintained at 
pH 7.4. The precipitate can be centrifuged in the cold or filtered by suc- 
tion through Whatman No. 1 paper. The (NH,)sSO, treatment results 
in a preparation 6 times as pure as the blend supernatant, with an over-all 
recovery of 77 per cent. The precipitate can be stored at —20° for a week 
with little loss of activity. Most of the studies reported here have been 
accomplished with this ‘‘70 per cent precipitate.’’ Table I lists the results 
of a typical preparation, as well as the specific activity of a direct blend of 
heart. | 


Activation of Acenitase 
Solutions of aconitase were “activated’’ by the addition of ferrous am- 
monium sulfate and a reducing agent prior to the determination of activity. 
Reducing agents were neutralized before addition; Fe++ solutions were 
not. The cold mixture was immediately adjusted to the desired pH and 
stored at 5° until its aconitase activity was determined. In this paper 
the concentration of each activating or inhibiting agent in the incubation 


’ Obtained from Johns-Manville. 
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solution will be stated rather than its concentration in the activity de- 
termination. 

The presence of additional Fe+* and ascorbate in the activity determina- 
tion did not affect the amount of citrate formed by a given aconitase prep- 
aration. For example, one-half of a water solution of the 70 per cent precipi- 
tate was brought to Fet*, 5 X 10-*m and ascorbate, 10-7 m. No additions 
were made to the other half. The aconitase activity of each of these solu- 
tions was determined by the usual assay. Citric acid formation was also 
measured in other tubes which contained Fet*t, 10-* m, and ascorbate, 10-? 
M, in addition to the cis-aconitate. The non-activated aconitase solu- 
tion showed an activity of 1.1 units per ml. and the Fet+-ascorbate- 


TABLE I 
Preparation of Aconitase from Frozen Pork Heart 


Aconitase fractions obtained as described in the text. All solutions incubated 
with 0.01 mM cysteine, 5 X 10-4 m Fe**t, pH 7.4, 5° for 1 hour before determination 
of activity. 


Aconitase| Total Protein Specific 


activity aconitase tration activity 


‘| units mg. units 
mil. per ml. per mg. 


Ist 19% EtOH filtrate.................. 600..| 0 0 5.2 0 
Blend supernatant...................... 550'-| 33.6 | 18,480 7.8 4.3 
0.4 ammonium sulfate supernatant...... 660 23.5 | 15,510 4.9 4.8 
0.7 ‘¢ ppt. dissolved in 

Direct blend supernatant............... 28.0 12.0 | 2.3 


treated aconitase solution, 24.6 units per ml. in both types of substrate tubes. 
These results are apparently due to a relatively slow formation of an Fe++- 
protein complex. Since even the presence of phosphate or bicarbonate 
buffer in the activity run did not decrease the aconitase activity of an acti- 
vated preparation, it would appear that once the Fet+-protein complex 
had formed it did not dissociate rapidly. 


Results 
Factors Affecting Activation of Aconitase 
As shown in Fig. 3, addition of cysteine trebled the activity of a solution 
of the 70 per cent saturated (NH,).SO, precipitate. The fact that addi- 
tion of Fet* did not activate this preparation indicates that the protein 


must also be present in a reduced condition in order to exhibit maximum 
activity. The addition of cysteine thus accomplishes a double function: 
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maintenance of iron as Fe++ and maintenance of protein reducing groups. 
The addition of Fe++ and cysteine together approximately doubled the 
activity obtained with cysteine alone. Evidently this enzyme preparation 
was about half saturated with Fe+* for maximum activity. 

When the 70 per cent precipitate was dissolved in 0.1 m bicarbonate, 
cysteine activation was again obtained, but further activation owing to 
addition of Fe++ was prevented. Apparently the bicarbonate did not 
remove Fe++ bound to the ame but did prevent the added Fe++ from 
combining with the enzyme. 

When the precipitated protein was dissolved in phosphate buffer, neither 
cysteine alone nor the cysteine-Fe+*+ combination exerted an activating 


avoition 
Foy 

10.01 M. CYSTEINE 
EL 5x10"* w. 
Fe** + 
a. M. CYSTEINE 
PF 

WATER 0.1 M. HCO, 0.1 M. PO, 


Fic. 3. Effect of buffers on activation of aconitase. The 70 per cent precipitate 
was dissolved in the minimum volume of H,O, then diluted with the indicated solu- 
tion. Aconitase activity determined after 15 hours incubation at 5°, pH 7.4. 


effect. Phosphate thus competed with the protein for the iron in the sys- 
tem, as well as prevented the added Fet+* from combining with the enzyme. 
With another preparation appreciable activation was obtained in the pres- 
ence of (0.1 mM phosphate when the Fe** concentration was increased to 
5 X 10-*m. These results explain in large part the instability of aconitase 
prepared with phosphate buffer. 


Stability of Aconitase 


The addition of ferrous ammonium sulfate and cysteine to aconitase 
solutions maintained at pH 7.4 appreciably activated and stabilized the 
enzyme, as demonstrated in Fig. 4. Supplemental additions of cysteine 
at the end of the Ist and 3rd days appear to have been helpful in main- 
taining activity. The addition of cysteine alone did not result in nearly 
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as large an activation or maintain as high an activity as did the cysteine- 
¥et* combination. 


5 X10 *MFe** 0.01IM. CYSTEINE 
o—e 0.0IM. CYSTEINE 
NO ADDITION 


ACONITASE UNITS PER ml 
—p> 


CYSTEINE 
10 | 
CYSTEINE 
30 ie) ' 2 3 4 5 6 
min. DAYS 


Fic. 4. Effect of cysteine and Fe** on aconitase stability. The 70 per cent pre- 
cipitate was dissolved in water and aliquots brought to a concentration of 0.01 m 
cysteine plus 5 X 10-‘ m Fe** and adjusted to pH 7.3. 30 minutes were required for 
these treatments, as indicated on the chart. The solutions were stored at 5° and ali- 
quots removed for determination of activity at the indicated times. Cysteine addi- 
tions at 24 and 72 hours were made to bring the concentration to 0.01 mM, exclusive of 
previous additions. 


TABLE II 
Effect of Reducing Agents on Aconitase Aciivily 
The 70 per cent precipitate was dissolved in H,O, brought to 5 X 10-4 m Fe**, 
and incubated 6 hours at 5°, pH 7.3, with the reducing agents prior to determination 
of the activity. 


Reducing agent Concentration Aconitase activity 
M | units per ml 
Reducing Agents 


The data of Table II indicate that cysteine can be replaced by ascorbic 
acid. Glutathione, however, was not as effective in activating aconitase. 
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Inhibitors of Aconitase 


As shown in Table ILI, the addition of an agent which forms metal com- 
plexes, o-phenanthroline, effectively inhibited aconitase. In confirmation 
of the results of Warburg (13) on yeast aldolase, it was found that o-phen- 
anthroline was a more effective inhibitor than was a,a’-bipyridyl. The 
inhibition of the former agent was reversed by the addition of excess fer- 
rous ion. Since o-phenanthroline forms complexes with other cations than 
Fe**, Cd** and Zn** have been tested as aconitase-activating agents in 
addition to those tested previously (8). Fet* is the only cation tested 
to date by which consistent activation of aconitase has been secured. 

The results of a study of aconitase inhibition by a,a’-bipyridyl are 
presented in Fig. 5. The 70 per cent precipitate was dissolved in a solution 
containing 0.01 m ascorbate and an aliquot was brought to 10-* m bipyridyl. 
The inhibition obtained with this agent, which forms iron complexes, 
increased with time; complete inhibition was found at the end of 5 days. 
An aliquot of the bipyridyl-treated enzyme was brought to 5 X 10-7! Mm 
Fe** on the 2nd day and the aconitase activity of the solution determined 
on the 5th day. Aconitase activity was brought to the level of non-in- 
hibited enzyme by this treatment. 


DISCUSSION 


The effects of additions of Fe+* on aconitase activity which have been 
presented above deal primarily with Fet++-protein complex formation. 
Fe*+ might also be expected to form stable complexes with the tricar- 
boxylic acids. While studies of metal-hydroxy acid complexes are quite 
numerous, few have dealt with Fet+ complexes. Polarographic, spectro- 
photometric, and titrimetric data obtained in this laboratory definitely 
indicate that Fet+-tricarboxylic acid complexes are formed under condi- 
tions of optimum aconitase activity. This work will subsequently be 
reported in detail. 

The data at hand, although qualitative, are indicative of two different 
complexes: Fet++-substrate and Fet+-protein. It is probable that a mix- 
ture of citrate, Fett, and enzyme would form a third complex. In this 
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formulation, Fe++ is considered as an integral component of the citrate- 
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TaBLeE III 
Inhibition and Reactivation of Aconitase 


The aconitase solution contained 10-? m ascorbate, 5 X 10-* m Fet*, and was 
incubated with p-chloromercuribenzoate for 30 minutes prior to determination of 
the activity. o-Phenanthroline inhibition was determined on an aconitase solu- 
tion to which ascorbate but no Fe** had been added. All solutions maintained 
at pH 7.3, 5°. Aconitase activity determined as described in the text. 


Agent | Concentration Inhibition 
| M uniis per ml. per ceni 
p-Chloromercuribenzoate........... | 10-* 16 30 
o-Phenanthroline................... 0 100 


UNITS / ML 


ACONITASE ACTIVITY 
- 


> 


DAYS 


Fia. 5. Inhibition of aconitase by « ,a’-bipyridyl and reactivation by Fet+. Curve 
1, 70 per cent precipitate dissolved in 0.01 m ascorbate solution. Curve 2, 70 per cent 
precipitate dissolved in 0.01 m ascorbate, and 10-* m bipyridyl. Curve 3, aliquot of 
solution containing bipyridyl brought to 5 & 10-4 m Fe** on the 2nd day. All solu- 
tions maintained at pH 7.3, 5°. Acoritase activity determined as described in text. 
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enzyme complex and accordingly structure I differs from the hypothetical 
structures of Ogston (14) and of Martius and Lynen (15). It is suggested 
that the ‘three-point combination’’ postulated by Ogston (14) as the 
mechanism of forming an asymmetrical citrate is mediated through the 
ferro complex. 


SUMMARY 


1. A micromodification of the pentabromacetone method for citric acid 
has been described. 

2. An aconitase enzyme-concentration curve has been demonstrated. 

3. Evidence of the activating and stabilizing effect of Fe+* and reducing 
agents on aconitase has been presented. 

4. Aconitase can be inhibited by dilute solutions of o-phenanthroline 
and a,a’-bipyridyl and reactivated by subsequent additions of Fet*+. It 
thus appears that Fe*~* acts as a cofactor in the cis-aconitic to citric acid 
reaction. 


The authors wish to acknowledge generous gifts of comminuted heart 
from Armour and Company and a sample of trans-aconitic acid from 
Godchaux Sugars, Inc. 
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TWO BLOCKS IN CARBOHYDRATE UTILIZATION IN 
THE LIVER OF THE DIABETIC RAT* 


By 8. S. CHERNICK anv I. L. CHAIKOFF 


(From the Division of Physiology, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 28, 1950) 


Attempts to locate the biochemical defects in diabetic tissues by study- 
ing cell-free preparations have met with little success. Cori (1) proposed 
that the hexokinase reaction is inhibited in diabetic tissues, but this hy- 
pothesis has been severely challenged by the failure of several groups of 
investigators to confirm the experiments (2-5). In a critical review of the 
hexokinase hypothesis as applied to diabetic muscle, Stadie e¢ al. (6) point 
out that their experiments, together with the weight of evidence from other 
laboratories, ‘‘fail to support the concept that insulin alone or in combina- 
tion with pituitary or adrenal factors has any influence upon the hexokin- 
ase reaction in homogeneous enzyme systems from mammalian muscle.’’ 

A fresh approach to the study of enzyme systems affected by diabetes 
is afforded by the availability of C'-labeled compounds. FEarlier studies 
from this laboratory dealt with ihe conversion of C'*-labeled glucose to 
CO, and fatty acids by liver slices prepared from normal and diabetic rats 
(7-10). The results revealed that utilization of added glucose is impaired 
in the diabetic liver. The present investigation provides more definite 
information as to where the capacity of the diabetic liver to handle glucose 
is blocked. This information was obtained by comparing the utilization 
of C-labeled glucose, fructose, and acetate in normal and diabetic livers; 
all carbons of each compound were equally labeled with C". The results 
indicate that at least two metabolic lestons must be invoked to explain impaired 
carbohydrate utilization in the diabetic liver. 


Utilization of Added C'-Glucose and C'-Fructose by Surviving Slices Pre- 
pared from Normal and Alloxan-Diabetic Rats 


Diabetes was induced by the injection of alloxan. The history of the 
diabetic rats used in this study and evidence as to the degree of their 
diabetes are presented in Table [. The diabetes was of long standing 
(50 to 240 days) at the time the rats were sacrificed, and their fasting blood 
sugars, measured 2 to 3 weeks earlier, ranged from 170 to 340 mg. per cent. 


* Aided by grants from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council and the Corn Industries 
Research Foundation. 
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The blood sugar from non-fasted rats on the day of the experiment ranged 
from 340 to 890 mg. per cent. 

In the first series of experiments (Table II), we compared the utiliza- 
tion of added labeled glucose and fructose by normal and diabetic livers. 
All carbons of both hexoses were uniformly labeled with C'*. These hexoses 
were incubated with liver slices in a Ringer-bicarbonate buffer. Approxi- 
mately 2 gm. of liver slices were prepared from the liver of each rat. 1 
gm. was incubated in 400 mg. per cent of glucose, the other gm. in the same 
concentration of fructose. The conversion of hexose C' to fatty acids and 


TABLE I 
History of Allozan-Diabetic Rats Used in Study 

Rat weight Degree of diabetes Blood 

sugar at 

| Se | | wien | | | | | 
injected sacri- intake* | 24 hrs.* (not 

ficed (range) | (range) phone 9 | fasting)t 

gm. gm. days gm cc gm. pea per cent | mg. per cent 

D1 M 220 310 98 | 22-30 | 70-100 | 6.7 290 530 
D2 96 153 98 | 11-16 | 30-40) 3.4 200 460 
D3 F 175 220 lll | 24-38 | 50- 80) 7.0 200 490 
D4 ” 188 200 86 | 15-28 | 30- 50) 4.9 190 370 
D5 ” 128 160 80 | 18-27 | 70-100 | 8.8 300 520 
D6 M 204 230 70 | 35-50 | 80-140 | 9.7 330 650 
D7 ™ 176 220 230 | 25-40 | 60-110 | 6.7 280 710 
D8 194 160 240 | 20-40 70-120! 7.8 290 430 
D9 F. 198 200 50 | 19-30 | 60- 80 4.0 340 
D10 - 126 120 130 30-40 | 90-120 | 9.2 340 890 
Dil ei 142 200 150 20-35 | 70-100 | 3.9 170 450 


* Determined 1 to 3 weeks before sacrifice. 
1 Whole blood used for sugar determinations. 


CO. was determined. The results in Table II are expressed as percent- 
ages of the added C™ recovered as CO, and fatty acids. 

Normal Liver—In the experiments with normal liver slices, the recoveries 
of C as fatty acids and CO, were apparently somewhat greater when the 
substrate was fructose than when it was glucose. Since the liver slices 
contain little, if any, fructose, this difference may have resulted from the 
dilution of the added C'-glucose by the glucose within the slice. But the 
possibility of a preferential utilization of the fructose by hepatic tissue is 
not ruled out, 

No attempt was made to calculate the actual amounts of glucose converted 
to CO, and fatty acids in these experments, Since the rates at which 
gluconeogenesis, glycogenesis, and glycogenolysis proceed inside the slice 
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are not known, differences in the amounts of glucose at the beginning and 
end of the experiment cannot provide a true measure of glucose utilization. 
Moreover, even though the amount and specific activity of the hexose 
added to the bath are known, it is not known what they are at the site of 
the reaction. 


TaBLeE II 
Utilization of C“-Glucose and C'-Fructose by Normal and Diabetic Liver Slices 
Each incubation flask contained about 500 mg. of liver slices in 5.0 cc. of Ringer- 
bicarbonate buffer. Gas phase, 95 per cent O: and 5 per cent CO;:. Two such flasks 
were prepared from the liver of each rat for each substrate tested. They were in- 
cubated at 37.5° for 3 hours. The contents of each flask were analyzed separately 
and the sum of the values for the two flasks are recorded below. 


Composition of Labeled glucose added Labeled fructose added 
liver slices* to medium to medium 
| 
Rat No. > "recovered per recovered per 
Fatty a Concen- gm. liver Concen- gm. liver 
acids hedate tration slices tration slices 
gm. per cent | per cent | fer | | 

Nl Normal, 210 3.4 4.1 396 «64.0 0.93 | 392 5.4 0.93 
N2 190 | 2.3 | 4.1 | 396  4.0' 0.50} 392 | 6.0. 0.78 
N3 ” 150 2.5 3.5 396 3.2 | 0.54 374 7.1 | 0.90 
N4 se 160 2.8 3.4 396 4.7 0.72 374 7.0 0.98 
N5 fs 300 1.9 4.4 380 3.8 0.30 360 7.5 | 0.50 
N6 214 | 1.7 | 2.9 | 370 | 0.45} 400 | 0.81 
D1 Diabetict 2.3 3.5 396 1.9 | 0.02 392 7.0 | 0.15 
D2 ” 2.4 1.8 396 0.9 , 0.01 392 6.7 | 0.08 
D3 ” 3.2 2.3 396 1.0 | 0.0 366 6.5 | 0.08 
D4 2.1 3.8 380 | 1.5 | 0.05 360 ().22 
D5 2.3 2.7 380 | :*0.01 360 5.2 0.02 
D6 3.1 | 2.3 | 380 0.5 | 0.02 | 360 | 4.8 0.05 


* The carbohydrate content of the slices was determined on a separate aliquot 
of slices at the start of the experiment. The fatty acid content of the slices was de- 
termined at the end of the run. 

{ The weights of the diabetic rats are recorded in Table I. 


Diabetic Liver—In keeping with our earlier findings (9, 10), it is shown 
here that the conversion of added glucose to CO, is impaired in diabetic 
liver slices. Thus, the recoveries of C"Os, in the experiments with normal 
liver slices amounted to 3.2 to 4.7 per cent. The corresponding values 
for diabetic liver slices were 0.5 to 1.9 per cent. 

The factors that influence the C"O, recoveries in experiments of this 
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type were discussed in earlier papers (8, 9). The possibility that dilution 
of the added glucose occurring within the slice was greater in the diabetic 
than in the normal liver slice appeared unlikely, and it was considered 
that the impaired conversion of the added glucose to CO, by the diabetic 
liver slices was not the result of simple dilution by the carbohydrate within 
the slices (9). Further support for this view has been obtained by a 
study of free glucose in normal and diabetic liver slices. Slices were first 
collected in Petri dishes containing cold Ringer-bicarbonate solution, and 
samples of these liver slices, blotted free of excess fluid and weighed, were 
then homogenized with 60 to 70 per cent ethyl alcohol. The mixture was 
filtered and made to volume. Aliquots were then treated with ZnSO, and 
Ba(OH). after the manner described by Somogyi (11). The mixture was 
centrifuged, and the reducing values of the supernatant were determined 
by the method of Hassid (12). The reducing values for the diabetic liver 
(3 to 9 mg. per gm.) were in the same range as those for the normal liver 
slices (3 to 6 mg. per gm.). This finding indicates that dilution of the 
added labeled glucose by the free glucose present in the slices at the start 
of the experiment does not account for the depressed conversion of the 
C'4-glucose to CO, by the diabetic liver slices. 

When C-labeled fructose was added to the medium (400 mg. per cent), 
the CQ, recoveries in the experiments with diabetic liver slices were not 
lower than normal. Thus in the six experiments with normal livers, 5.4 
to 7.6 per cent of the added C"-fructose was converted to CO:; in the six 
experiments with diabetic liver slices, the recoveries of CO: ranged from 
4.8 to 7.1 per cent. 

In contrast to our findings on oxidation, lipogenesis from both hexoses 
was depressed to about the same degree in the diabetic liver. 


Conversion of Added C"'-Acetate to CO2 and Fatty Acids by Normal and 
Diabetic Liver Slices 


The finding that the conversion of added fructose C" to fatty acids was 
depressed in the diabetic liver, while the CO, recoveries were normal, led 
us to investigate the utilization of acetate. Sodium acetate in which both 
carbons were equally labeled with C™ was used, and the concentration of 
acetate in all experiments was 2 mg. per cent (0.1 mg. per flask). In five 
experiments (two normal and three diabetic livers), no other substrate 
was added. In the other experiments, the liver slices were incubated with 
the labeled acetate and either 0.02 m glucose or 0.02 m fructose. The 
latter was used because, as shown above, it is readily oxidized to CO, by 
the diabetic liver. 

The data recorded in Table IIT leave no doubt that liver slices prepared 
from normal and alloxan-diabetic rats readily oxidize acetate to COs. 
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TABLE III 


Conversion of C%-Labeled Acetate to COz and Fatty Acids by Normal and Diabetic 
Liver Slices 


Each incubation flask contained about 500 mg. of liver slices, 5 cc. of Ringer- 
bicarbonate buffer, and 0.1 mg. of C4H;C“O.Na. Gas phase, 95 per cent O2 and 5 
per cent COz. Two such flasks were prepared from the liver of each rat for each 
substrate tested. They were incubated at 37.5° for 3 hours. The contents of each. 
flask were analyzed separately and the sum of the values for the two flasks are re- 
corded below. 


| Compe liver per 
Rat No. pane Fay added to medium, gm. of liver slices 
0.02 
| CO: | Fatty acid 
gm. per cent | per cent cS | 
N5 Normal, 300 1.9 | 4.4 None 36.8 | 12.9 
D4 Diabetict 2.1 | 3.8 si 33.0 | 4.8 
D5 ” 2.3 2.7 = 25.1 0.4 
D6 3.1 2.3 17.9 0.2 
N7 Normal, 150 2.8 4.0 Glucose 33 .2 21.5 
Fructose 28.7 18.3 
N8 160 2.5 4.3 Glucose 22.5 45.5 
Fructose 20.8 41.3 
N9 “ 280 2.8 2.3 Glucose 39.0 
Fructose 33.3 
N10 - 200 2.8 2.3 Glucose 30.4 
Fructose 27.7 
Nill sis 220 2.6 2.4 Glucose 24.0 
N12 “ 166 3.7 2.9 m 32.5 33.6 
Fructose 30.8 26.7 
N13 si 192 4.0 4.2 Glucose 25.8 37.0 
Fructose 25.2 38.8 
D3 Diabetict 3.2 2.3 = 30.1 2.4 
D7 " 2.8 4.2 Glucose 26.8 2.4 
Fructose 21.9 3.0 
D8 Glucose 24.6 1.1 
Fructose 31.3 | 1.0 
D9 “ 2.5 3.2 Glucose 37.6 | 5&8 
Fructose 38.2 | 6.3 
D10 ” 3.0 1.9 Glucose 31.9 | 2.2 
Fructose 31.8 | 2.0 
as 4.3 3.2 Glucose 30.2 | 6.0 
| Fructose 31.9 | 4.6 


*The carbohydrate content of the slices was determined on a separate aliquot 
of slices at the start of the experiment. The fatty acid content of the slices was 
determined at the end of the run. 

{ The weights of the diabetic rats are recorded in Table I. 
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About one-third of the acetate C' was recovered as CO, at the end of 3 
hours of incubation. There was no indication of impaired oxidation of 
acetate to CO, in the diabetic liver. 

Further evidence of an impairment in fatty acid synthesis in the dia- 
betic liver is provided in the experiments with C-labeled acetate. A 
striking reduction in the recoveries of fatty acid C' was observed in ex- 
periments carried out with and without the addition of the hexoses. 


DISCUSSION 


Evidence that glucose utilization in the diabetic liver is blocked at the 
initial phosphorylative stages is presented here. This evidence was ob- 
tained by comparing the capacity of normal and diabetic liver slices to 
oxidize to CO, added glucose and fructose whose carbons were uniformly 
labeled with C¥%. The oxidation of the former to CO. was depressed in the 
diabetic liver, whereas the oxidation of the fructose to CO, proceeded at 
normal rates. Since the first common intermediate in the path of utiliza- 
tion of these two hexoses is fructose-6-phosphate, the interference in glucose 
utilization in diabetic liver lies in the conversion of glucose to fructose-6- 
phosphate. Two enzyme systems are implicated by this finding: hexo- 
kinase and isomerase. The finding that fructose is oxidized to CO: at 
normal rates is indicative of the integrity of the enzyme systems of the 
rest of the glycolytic cycle as well as of the tricarboxylic acid cycle in the 
diabetic liver. The normal rates observed for the oxidation of acetate to 
CO, in the diabetic liver are in line with this view. : 

A block in the path from glucose to fructose-6-phosphate might explain 
the impaired conversion of C'-glucose to fatty acids, as well as to CQ, 
by the diabetic liver. It is clear, however, that such a block will not ac- 
count for the finding that the diabetic liver, while oxidizing C'*-fructose to 
CO, at normal rates, fails to convert this hexose to fatty acids at normal 
rates. A second biochemical block must therefore be postulated for the 
diabetic liver, and the observations with C'-acetate indicate that it lies 
in the path of conversion of a ‘“‘2-carbon-like’’ compound to fatty acids. 


EXPERIMENTAL 


Rats of the Long-Evans strain were fed a high carbohydrate diet for 
3 to 7 days before they were sacrificed. The diet had the following com- 
position: dextrose 58 per cent, casein 22 per cent, salt mixture (13) 6 per 
cent, liver powder (Viobin) 2 per cent, cellu flour-vitamin mixture 12 per 
cent. The latter contained, in each 12 gm., 500 mg. of animal protein 
factor supplement (Lederle); 100 mg. of choline chloride; 100 mg. of ino- 
sitol; 5 mg. of niacinamide; 5 mg. of calcium pantothenate; 1 mg. each 
of thiamine hydrochloride, riboflavin, pyridoxine, and p-aminobenzoic 
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acid; 0.5 mg. of folic acid; 0.5 mg. of vitamin K, and 0.2 mg. of biotin. 
Vitamins A and D were provided daily in the form of fish oil. 

Diabetes—Diabetes was induced in rats by an intravenous injection of 
a 5 per cent solution of alloxan monohydrate (50 mg. per kilo of body 
weight). Subsequent treatment of the animals has already been described 
in detail (9). 

Radioactive Substrates—Glucose and fructose, uniformly labeled with 
C4, were prepared photosynthetically by the method of Putman et al. 
(14). We are indebted to Dr. W. Z. Hassid and Mr. S. Abraham for their 
preparation. C'H;C“OONa was prepared by the method of Barker and 
Kamen (15). 

Incubation Procedures—The incubation procedures have been described 
in detail elsewhere (7-9). Liver slices were prepared free-hand and incu- 
bated in oxygenated Ringer-bicarbonate buffer (pH 7.4) (16). The design 
of the incubation flask permitted the collection of the CO. within the 
flask at the end of the experiment (7). 

Analytical Procedures—The methods of analysis were essentially the 
same as those employed in previous reports (7-10). When C-labeled 
glucose or fructose was added to the medium, the C" content of the total 
lipide fraction was determined, since little, if any, hexose C' was converted 
to cholesterol under the conditions of the experiment. When labeled 
acetate was incubated with liver slices, the lipide fraction was treated 
with digitonin to free it of cholesterol, and the C™ content of the fatty 
acid fraction was determined. 


SUMMARY 


1. The utilization of glucose and fructose, their carbons equally labeled 
with C™, and of C“H;C“OONa was compared in liver slices prepared from 
normal and alloxan-diabetic rats. 

2. The conversion of the C'-glucose to both CO, and fatty acids was 
depressed in the diabetic liver. 

3. The oxidation of the C"-fructose to CO2 proceeded at normal rates 
in the diabetic liver, but its conversion to fatty acids was depressed. 

4. The labeled acetate was oxidized readily to CO. by the diabetic liver, 
but its conversion to fatty acids was impaired. 

5. These findings indicate the existence of two metabolic blocks in the 
diabetic liver. The first is concerned with the conversion of glucose to 
fructose-6-phosphate. The second involves the conversion of a “‘2-carbon- 
like’? intermediate to fatty acids. 
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CHANGES IN ENZYMATIC CONSTITUTION IN 
ZINGDEFICIENT NEUROSPORA* 
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(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 
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The necessity of a metal ion for the activity or synthesis of specific en- 
zymes may be revealed by growing the organism under conditions of the 
metal deficiency and comparing its enzyme systems with those of normal 
tissue. Waring and Werkman (1) reported that iron deficiency in Aero- 
bacter indologenes resulted in the suppression of a number of enzymes. 
Zinc deficiency results in increased acid production by fungi (2), but this 
has recently been shown to be non-specific, occurring with a number of 
metal deficiencies (3). Pyruvic carboxylase is absent in extracts of zinc- 
deficient mycelia, and the assertion has been made that this enzyme may 
be a zinc protein (4). It has recently been shown that the activity of a 
tryptophan-synthesizing enzyme (indole + serine — tryptophan) is almost 
completely suppressed in cell-free extracts of zinc-deficient Neurospora 
mats (5). This effect appeared to be specific for zinc deficiency. 

The purpose of this paper is to report further the effects of zine deficiency 
in changing the content of a number of other enzyme systems in the fun- 
gus Neurospora. 


Methods 


Cell-free enzyme extracts were prepared from the mats of the wild type 
fungus, Neurospora crassa (5297a), grown in the Fries basal medium,! with 
reagent grade chemicals and triple distilled water. The medium was dis- 
pensed in 125 ml. amounts in 500.ml. Erlenmeyer flasks, inoculated, and 
incubated for 5 days in the dark at 28°. 

The mycelial mats were collected on a Biichner funnel, washed with 
triple distilled water, and frozen for 1 to 3 hours at —18°. They were 
then homogenized with a Ten Brock glass homogenizer in 3 times their 
weight of 0.1 mM phosphate buffer at pH 7.5, and centrifuged in the Servall 
centrifuge at 13,000 r.p.m. for 10 minutes at +4°. The supernatant so- 


* Contribution No. 6 of the McCollum-Pratt Institute. 

1 In units per liter, NH, tartrate5 gm., NH,NO; 1 gm., KH2PO,1 gm., MgSO,-7H:0 
0.5 gm., NaCl 0.1 gm., CaCl. 0.1 gm., biotin 5 y, sucrose 20 gm., Na tetraborate 
8.8 X 10-5 gm., 6.4 16-5 gm., FeCl;-6H:20 9.6 K 10-‘gm., ZnSQ,-- 
8.8 X 10-3 gm., CuCl, 2.7 K 10-4 gm., MnCl2-4H:0 7.2 X 10-5 gm. 
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lution, which was cell-free and turbid, was used as the enzyme extract. 
Preliminary experiments showed that 95 per cent or more of the activities 
of the enzymes measured was present in the above supernatant compo- 
nent of the homogenized mycelia. No enzyme activity was found in the 
nutrient media after harvesting, except for appreciable quantities of 
DPNase (diphosphopyridine nucleotidase) (see below). Freezing the 
mats, before homogenizing, facilitated enzyme extraction and did not 
affect enzyme activities. 

Micro Element Deficiencies and Growth—lIndividual deficiencies of zinc, 
iron, manganese, calcium, and magnesium were obtained by omission of 
these elements from the nutrient medium. The omission of magnesium 
resulted in no appearance of the mycelium. Therefore, it was necessary 
to add 0.01 of the magnesium content of the Fries basal medium to obtain 
mats which were partially deficient in magnesium. 
| Data on growth were calculated from measurements of dry weights and 
total volumes of whole homogenates (corrected for weight of buffer) of 
known quantities of mycelial mats. The average dry weight of a control 
Neurospora mat (grown in complete medium) was about 150 mg. 

The protein content of the enzyme extract was determined by the biuret 
procedure of Robinson and Hogden (6). 

Determination of Tryptophan-Synthesizing Enzyme (Indole + Serine — 
Tryptophan)—The activity of this enzyme was determined by measuring 
both indole disappearance and tryptophan formation. The assay was per- 
formed in a 1.0 ml. volume containing 0.5 ml. of enzyme extract made up 
to volume with additions of 102 y of indole (0.87 um) and 4 mg. of DL- 
serine. The mixture was incubated for 1 hour at 35°, and the reaction 
stopped by shaking vigorously for 2 minutes with 5.0 ml. of toluene, which 
completely extracts the indole. Aliquots of 0.2 to 0.5 ml. were removed 
from the toluene layer for indole analysis, and from the lower layer for 
tryptophan analysis. Indole was determined by Erhlich’s method as de- 
scribed by Wood, Gunsalus, and Umbreit (7). Tryptophan was also de- 
termined by Erhlich’s method, modified as follows: 0.2 to 0.5 ml. of the 
lower layer, depending on the level of tryptophan expected, was pipetted 
into a colorimeter tube, and to it were added 0.5 ml. of 5 per cent p-di- 
methylaminobenzaldehyde in ethyl alcohol, 0.1 ml. of 1 per cent sodium 
nitrate (to accelerate color development), and 0.1 ml. of 5 per cent tryp- 
tophan-free acid-hydrolyzed casein (to stabilize the developed color). The 
tubes were made up to 5.0 ml. with concentrated hydrochloric acid, al- 
lowed to stand 30 minutes, and read in a Klett-Summerson colorimeter 
with a No. 54 filter. With this method tryptophan can be determined 
over a range of 1 to 35 y. Good agreement was obtained between indole 
disappearance and tryptophan formation. The unit of activity is defined 
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as that amount of enzyme which will form 0.01 um of tryptophan or cause 
to disappear 0.01 um of indole under the conditions stated above. 

Tryptophanase activity (tryptophan — indole + pyruvate + ammonia) 
was completely absent from the Neurospora extracts. 

Determination of DPNase—DPN (diphosphopyridine nucleotide) was 
determined by the DPN-cyanide addition reaction which is measured by © 
the increase in absorption at 340 mp.2 The DPNase of Neurospora ex- 
tracts attacks the nicotinamide-riboside linkage, and asa result the cyanide 
addition properties of DPN are lost. A unit of DPNase is that amount of 
enzyme which will split 0.01 um of DPN in 7.5 minutes at 37° in a volume 
of 0.5 ml., containing 0.1 ml. of enzyme, 0.1 ml. (0.5 um) of DPN, and 0.3 
ml. of 0.1 m KH2PQ,. 

Determination of Alcohol Dehydrogenase—The activity of alcohol dehy- 
drogenase was determined in a Beckman spectrophotometer in a manner 
similar to that described by Racker (8). The reaction mixture contained 
2.3 ml. of 0.1 Mm KzHPO,, 0.05 ml. of enzyme extract, and 0.2 ml. (800 y) 
of DPN.‘ After addition of 0.5 ml. of 0.5 m ethyl alcohol, the changes in 
optical density at 340 mu were measured at 25° at 15 second intervals, 
and the rate calculated from the change between 15 and 45 seconds. The 
unit of activity is a change in log J)/I of 0.001 per minute; this unit is 
equivalent to that of Racker’s. 

Determination of Fumarase—The enzymatic activity of fumarase was 
determined according to the method of Racker (9). The final volume 
was 3.04 ml., including 2.5 ml. of 0.1 mM KeHPO,, 0.5 ml. of 0.5 m sodium 
l-malate, and 0.04 ml. of enzyme. After addition of the enzyme extract 
the changes in absorption at 245 my were recorded at 25° at intervals of 
30 seconds. 1 unit is defined as the change of log Jo/J of 0.001 per 60 
seconds for an average over a 3 minute period. This unit is identical with 
Racker’s unit. 


Results 


Zine Deficiency—Table I summarizes the results of five different experi- 
ments on zinc deficiency. The data indicate that the pattern of enzyme 
distribution is similar in the different experiments. No alcohol dehydro- 
genase activity was found in four of the zinc-deficient extracts and only 
traces of activity were found in the fifth extract. The loss of activity in 
the zine-deficient extracts is not due to changes in extractability, as whole 
homogenates of the deficient Neurospora also show no activity. Nearly 
all of the alcohol dehydrogenase activity of the whole homogenates of the 

2 Colowick, S. P., Kaplan, N. O., and Ciotti, M. M., in preparation. 


’ Kaplan, N. O., Colowick, 8. P., and Nason, A., in preparation. 
4 Obtained from the Schwarz Laboratories, Inc. 
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control Neurospora can be accounted for in the extracts. Addition of zinc 
to the deficient extracts does not restore the alcohol dehydrogenase ae- 
tivity. Addition of a deficient extract to a control extract has no effect 
on the alecohol-oxidizing activity of the control extract. This suggests that 
the loss of activity in the deficient Neurospora is not due to the presence 
of an inhibitor but to a lack of the enzyme itself. 

There is also a decrease in the tryptophan-synthesizing enzyme which 
condenses indole and serine in the zinc-deficient extracts as well as in whole 
homogenates. The decrease is not quite as marked as the loss of alcohol 
dehydrogenase but is a very definite finding in zinc deficiency. Addition 
of zinc does not affect the tryptophan synthesis in the deficient extracts. 


TABLE I 
Effect of Zine Deficiency on Enzyme Constitution of Neurospora Extracts 
Units of enzyme activity expressed per mg. of protein. 


Try pto- | 
enzyme 
1 Control 100 +~=~=—:140 8.6 
— Zn.. 63 40 0 320 
2 Control 680 23 
— Zn 0 1170 
3 Control 100 258 12.4 42 294 
— Zn 63 0 2.4 585 348 
4 Control 100 | 200 11.6 87 326 
— Zn 41 | 0 1.3 851 232 
5 Control 100 33356 11.6 41 
— Zn oe 0 3.2 746 


In contrast to the findings with alcohol dehydrogenase and the tryp- 
tophan-synthesizing enzyme, zinc deficiency leads to a marked elevation 
of the DPNase content. This increase is from 10- to 20-fold when com- 
pared to normal extracts per mg. of protein. The characteristic marked 
rise in DPNase activity is also observed with zinc-deficient whole homo- 
genates when compared to whole homogenates of control Neurospora. Ad- 
dition of zinc (10-4 to 10-? final concentration) does not decrease the ac- 
tivity of the deficient extracts. 

There is no stimulator of DPNase in the deficient extracts or an in- 
hibitor in the control extracts; this is indicated by the following mixing 
experiment. 0.05 ml. of extracts of control and zinc-deficient tissue, di- 
luted 1:20, were incubated with 0.5 um of DPN for 74 minutes at 37°. 
The control extract split 0.06 um of DPN and the zinc-deficient extract 
cleaved 0.33 um of the coenzyme. When 0.05 ml. of each extract was 
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added, 9.36 wm of the pyridine nucleotide was hydrolyzed. The high 
DPNase does not account for the failure to observe alcohol dehydrogenase 
activity in the deficient mats, since there is no appreciable destruction of 
DPN under the conditions of the alcohol dehydrogenase assay (short time, 
low enzyme concentration, low temperature, and high pH). 

Zine deficiency apparently does not influence the fumarase activity of 
Neurospora. Furthermore, preliminary experiments have shown that the 
enzymes hexokinase, aldolase, and triosephosphate dehydrogenase are pres- 
ent in zinc-deficient Neurospora homogenates and extracts in normal con- 
centrations.® 

Other Metal Deficiencies—Because of the marked change in the concen- 
trations of enzymes in zine deficiency, it was thought of value to assay the 


TABLE II 
Effect of Metal Deficiencies on Enzyme Constitution of Neurospora Extracts 
Units of enzyme activity expressed per mg. of protein. 


Alcohol | Tryptophan-. 


Treatment | DPNase | Fumarase 
1 Control 100 344 11.0 50 364 
— Mn 63 284 8.2 106 410 
— Fe 55 324 10.0 43 330 
2 Control 100 182 ta 111 362 
— Ca 19.7 8 7.4 440 588 
— Mg 67.4 110 5.6 102 330 


same enzymes for other metal deficiencies. Table II summarizes the re- 
sults with manganese, iron, calcium, and magnesium deficiencies. Omis- 
sion of manganese and iron from the medium apparently has very little 
effect on the concentration of the enzymes studied. Calcium deficiency 
results in a loss of alcohol dehydrogenase activity and a significant increase 
in DPNase concentration. The changes in these enzymes have been ob- 
served in several experiments with calcium-deficient mats. In contrast to 
zine deficiency, a deficiency of calcium does not seem to lower the tryp- 
tophan-synthesizing enzyme. Although the concentrations of alcohol de- 
hydrogenase and the tryptophan-synthesizing enzyme of magnesium-de- 
ficient Neurospora are slightly lower than in the control mats, the changes 
do not appear to be significant. 

Effect of Addition of Growth Factors to Zinc-Deficient Medium—The pos- 
sibility exists that the alteration in enzyme constitution observed in zinc 


5’ The DPNase activities found in the nutrient media after harvesting the mats 
were the same in both zinc-deficient and control flasks. 
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deficiency might be related to a decreased synthesis of a vitamin or amino 
acid. This hypothesis was tested by supplementing the zinc-deficient me- 
dium with known substances. Experiments in which the medium was 
supplemented with tryptophan or with nicotinamide clearly show that 
these additions have no effect on the concentration of enzymes in zinc- 
deficient mats. 

The effect of adding a full supplement of amino acids, vitamins, purines, 
and pyrimidines is given in Table III. This mixture produces an increased 


TABLE III 


Effect of Supplementing Medium with Full Complement of Amino Acids, Vitamins, 
Purines, and Pyrimidines on Enzyme Constitution and Protein Content 
of Neurospora Extracts* 


Units of enzyme activity expressed per mg. of protein. 


Protein | Enzyme activity 
—— er cen unit dry 
th ht of Alcohol | T han- 
genase enzyme 
per cent 
‘¢ + 4 supplement....... 181 61.9 200 14.0 70 
‘¢ + full supplement..... 173 67.0 198 16.6 23 
‘* + %supplement.......... 109 18.7 0 0 675 
‘* + full supplement........ 89 19.0 0 1.9 765 


* The full complement stock solution was purified by dithizone extraction, and 
the following quantities added per culture flask as indicated: 0.5 gm. of acid-hydro- 
lyzed casein, 10 mg. of pL-tryptophan, 20 mg. of L-cystine, 100 7 of thiamine hydro- 
chloride, 100 y of riboflavin, 100 y of p-calcium pantothenate, 100 7 of nicotinamide, 
20 y of p-aminobenzoic acid, 20 y of pyridoxal hydrochloride, 1 y of biotin, 1 y of 
folic acid, 1 mg. of adenine sulfate, 1 mg. of guanine hydrochloride, 1 mg. of uracil, 
1 mg. of xanthine. One-fifth these quantities was added to other culture flasks as 
indicated. 


growth not only in the complete medium but also in the zinc-deficient me- 
dium. Although the mixture does stimulate considerably the amount of 
growth in a zinc-deficient medium, the complete supplement has no effect 
on the enzymatic pattern in zinc deficiency. These data combined with 
those showing protein changes (Table III) in the extracts under the same 
conditions suggest that zinc is acting at some stage of protein synthesis. 
The rdéle of zine in tryptophan formation might be explained on the basis 
of its effect on the synthesis of the protein moiety of the enzyme. 

Effect of Biotin Deficiency on Enzyme Content—The only organic growth 
factor which Neurospora requires is biotin. Table IV summarizes the re- 
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lationship of the concentration of biotin in the medium to the concentra- 
tion of the various enzymes in the Neurospora mats. The normal con- 
centration of biotin used is 5 y per liter of medium. It is evident from 
the data that decreasing the concentration of biotin results in a marked 
fall in the alcohol dehydrogenase and a large elevation of the DPNase level 


TABLE IV 
Effect of Biotin Deficiency on Enzyme Constitution of Neurospora Extracts 
Units of enzyme activity expressed per mg. of protein. 


Trypto- 
Alcohol 
Biotin added per liter medium DPNase  Fumarase 
genase 
enzyme 
| 
500 47 90 9.0 163 = 424 
5.00 (Control) 100 190 7.2 lll 362 
0.25 66.6 100 5.8 330 ) 212 
0.025 15.7 | 12 | 3.0 500 | 
0.0005 2.4 590 424 
TABLE V 
Effect of Combined Zinc and Biotin Deficiency on Enzyme Constitution of Neurospora 
Extracts 


Units of enzyme activity expressed per mg. of protein. 


| Biotin added 


Flask Zn per liter Percent | DPNase 
medium genase enzyme 

| 
A + 5 100 | 356 11.6 41 
B + 50 85 | 484 14.8 157 
C + 250 57 | 364 14.4 40 
D 0.025 26 0 3020 
E — 5 41 | 0 3.2 740 
F _- 50 62 0 2.8 3390 
G _ 250 33 | 0 0 | 570 


in &@ manner very similar to the changes observed in zinc deficiency. Bi- 
otin deficiency does not seem to have as marked an effect on the tryp- 
tophan enzyme as does zinc deficiency. The data are not conclusive as 
to whether the enzyme is influenced by a moderate biotin deficiency. 
Changes in biotin concentration do not seem to produce any change in 
fumarase content. It is of interest to point out that high concentrations 
of biotin are inhibitory to the growth of Neurospora (see Tables IV and 
V). Increasing the biotin concentration of the medium does not affect the 
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alcohol dehydrogenase content of zinc-deficient mats and apparently has 
only a very slight influence on the content of DPNase and tryptophan 
enzyme (Table IV). By producing a combined zinc and biotin deficiency 
(Table V), a very striking rise in DPNase takes place which is approxi- 
mately 4- to 5-fold higher than the individual deficiencies, and the high 
value of 3020 units of DPNase per mg. of protein is almost 100 times the 
level of the control mats. 1 mg. of protein of the combined zinc-biotin- 
deficient mats would then be capable of splitting approximately 160 mg. 
of DPN in 60 minutes. 

Effect of Varying Zinc Concentration on Enzyme Distribution—Table VI 
indicates that 0.01 of the ‘“‘normal”’ zine concentration is adequate in main- 


TaBLeE VI 


Effect of Zinc Concentration on Enzyme Constitution of Neurospora Extracts 
Units of enzyme activity expressed per mg. of protein. 


Trypto- 
Zn added per ml. medium dehydro DPNase | Fumarase 
enzyme 
0 63 0 0 930 
0.02 76 297 4.8 86 
0.10 92 325 7.6 51 
2.0* 100 261 7.8 62 254 
20 97 394 8.6 42 286 
100 96 467 7.9 44 256 
600 : 58 518 0.9 110 390 


* Zn ssndbetnation (2 y per ml.) as in the Fries basal medium. 


taining a normal enzyme pattern. High levels of zinc result in a higher 
content of alcohol dehydrogenase. The low activity of the tryptophan 
enzyme in the mats grown with the highest excess of zinc (300 times) is 
probably due to the fact that zinc inhibits this enzyme in high concen- 
trations (5). There also appears to be a rise in fumarase in the mats 
grown on the zinc 300 times the normal concentration. 


DISCUSSION 


It is clear from the above results that a deficiency of zinc in Neurospora 
does not lead simply to the production of less mycelium but actually re- 
sults in the production of mycelia having drastically altered metabolic 
characteristics. The alterations involve not only the virtual disappear- 
ance of certain enzyme activities, which might be expected in deficient 
states, but also remarkable increases in the activity of other enzymes. 
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In attempting to explain the above results, one must consider first the 
possibility of a direct participation of zinc (a) as an activator of those 
enzymes which decrease in zinc deficiency and (6) as an inhibitor of those 
enzymes which increase in zinc deficiency. This explanation is untenable 
for a number of reasons. First, no direct effects of physiological concen- 
trations of zinc have been noted with the enzymes studied. Second, a 
strikingly similar alteration in enzyme pattern is elicited by a deficiency 
of biotin or calcium, and it is inconceivable that all three of these nutrients 
are directly concerned in regulating the activity of the enzymes studied. 

On the other hand, the observed alteration in enzyme pattern cannot 
be regarded as an inevitable result of deficiency in any nutrient, since 
mycelia obtained on media deficient in iron, manganese, or magnesium 
show no profound alteration in the activities of the particular enzymes 
measured. 

In considering the various possible mechanisms by which zinc deficiency 
might indirectly lead to an alteration in the enzyme content of Neurospora, 
the following possibilities come to mind: (1) changes in the extent of secre- 
tion of enzymes into the medium; (2) production of inhibitors or activa- 
tors of the enzymes involved; (3) changes in solubility or extractability of 
the enzymes studied; and (4) alterations in synthesis and distribution of 
catalytic proteins. All of the above possibilities, except (4), have been - 
ruled out experimentally. 

One is led to the conclusion that zinc deficiency leads to an actual de- 
crease in the concentration of certain enzyme proteins within the cell, and 
to an increase in the concentration of other enzyme proteins. Determina- 
tions of total protein in the extracts show, however, that the net effect is 
a profound decrease in protein concentration. Since this picture is not 
changed by supplementing the zinc-deficient medium with a full comple- 
ment of known amino acids, purines, pyrimidines, and vitamins, it would 
seem that the basic defect in zinc deficiency lies not in the synthesis of 
these simple units, but in their subsequent metabolism. Whether zinc is 
concerned directly in the process of incorporation of amino acids into pro- 
teins, or whether its réle in this process is the result of action at another 
site, the fact remains that a major result of zinc deficiency is the failure 
to synthesize enzyme proteins in the normal fashion. 

The question of the mechanism by which the concentration of certain 
enzymes can actually increase in nutritionally deficient cells remains un- 
answered. Another example of this phenomenon has been reported by 
Bender, Krebs, and Horowitz (10), who noted a rise in L-amino acid oxi- 
dase in Neurospora grown on a low biotin medium. One working hypothe- 
sis is that those enzymes which increase in nutritionally deficient cells 
are “primitive”? proteins of relatively simple structure, the synthesis of 
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which can proceed even in the absence of certain key reactions which are 
necessary for the building of more complex protein molecules. 


SUMMARY 


Neurospora, when grown on a zinc-deficient medium for 5 days, produces 
mats with marked changes in enzymatic constitution. Alcohol dehydro- 
genase is completely absent in these deficient mats. The enzyme which 
condenses indole and serine to form tryptophan is also very low. On the 
other hand, a 10- to 20-fold rise takes place in the concentration of DPNase 
in the zinc-deficient mats. Fumarase is not influenced by the deficiency. 
Zinc in physiological concentrations has no direct effect on any of the en- 
zymes studied. 

Magnesium, manganese, and iron deficiencies do not affect the level of 
alcohol dehydrogenase, DPNase, or of the tryptophan-forming enzyme. 
Calcium deficiency produces some changes in enzyme concentrations which 
are similar to zinc deficiency but which are not as marked. 

Addition of a complete mixture of amino acids, vitamins, purines, and 
pyrimidines to a zinc-deficient medium does not correct the enzymatic 
changes in the deficiency, even though growth is considerably stimulated. 

Biotin deficiency in Neurospora also results in a loss of alcohol dehydro- 
genase activity and a pronounced increase in DPNase. The combined 
zinc-biotin deficiency produces a striking increase in DPNase content, 
which is of the order of 100-fold when compared to the control mats. 

The results are discussed in relationship to the réle of zine and biotin 
in protein synthesis. 
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It was shown in recent investigations that N-acylated amino acids and 
their derivatives can serve as inhibitors for a-chymotrypsin. The avail- 
able data indicated that a benzene ring in the acyl group was essential if 
the amino acid was devoid of an aromatic substituent, but that an ali- 
phatic acyl group would do aswell if the amino acid was of the aromatic 
type (1, 2). Thus one, but not more than one, phenyl group appeared 
to be an essential structural requirement of specific inhibitors for chymo- 
trypsin. 

The available data indicated also that a terminal carboxylate, ketone, 
or ammonium group was essential for inhibitory activity. The most ac- 
tive specific inhibitor possessing the simplest structure was thus 8-phenyl- 
propionic acid (1). 

In the present work an attempt was made to determine the influence of 
chain length and of the nature of the nucleus R on the inhibitory activity 
of a series of compounds of the type R(CH.2);,COO- where R is an aro- 
matic, heterocyclic, or alicyclic substituent. Other compounds which did 
not conform to this structure were tested because of their general interest 
in connection with previously advanced ideas on the structural require- 
ments of specific inhibitors for chymotrypsin (1, 2). 

Every inhibitory compound of the present investigation was tested for 
competitive inhibition and its activity was determined by quantitative 
kinetic measurements, with acetyl-L-tyrosinamide as specific substrate. 


EXPERIMENTAL 


Enzyme—The preparation of a -chymotrypsin was the same as that pre- 
viously described (3). 

Substrate—The substrate used in all cases was acetyl-L-tyrosinamide 
(ATA), prepared as previously described (4). 


* Present address, Department of Biochemistry, University of Washington, School 
of Medicine, Seattle 5, Washington. 
t Predoctoral Fellow of the United States Public Health Service. 
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Inhibitors—8-Phenylpropionic acid (Eastman) and benzoic acid (Merck) 
were recrystallized before use. a-Benzylmalonic acid and a-benzylmalon- 
diamide were prepared by Dr. S. Kaufman (1). 3-Indolepropionic acid 
(m.p. 132.8-133.7°), 3-indolebutyric acid (m.p. 121—123°), cyclohexylacetic 
acid (b.p. 129° at 10 mm.), cyclohexylpropionic acid (b.p. 142° at 10 mm.), 
cyclohexylbutyric acid (b.p. 154° at 10 mm.) and 2-phenoxyethanol (b.p. 
120-124° at 10 mm.) were generously supplied by the Dow Library of 
Special Chemicals, The Dow Chemical Company, Midland, Michigan. 

Phenylacetic acid (m.p. 76-76.5°) (5) and y-phenylbutyric acid (m.p. 
49.5-50.5°) (6) were prepared according to standard methods. 

a-Naphthylmethylmalonic acid was prepared by condensation of a-chlo- 
romethylnaphthalene with malonic ester and subsequent hydrolysis with 
potassium hydroxide. After recrystallization from water-methanol, the 
product decomposed at 174° (uncorrected). a-l-Naphthylpropionic acid 
was prepared by decarboxylation of a-naphthylmethylmalonic acid by 
heating above 174°. After repeated recrystallizations from water-meth- 
anol, the melting point was 156°; reported (7), 156°. 


Methods 


Unless otherwise stated, all measurements were performed at 25° in the 
presence of a 0.1 M phosphate bufier, pH 7.8. Enzyme, substrate, and 
inhibitor solutions were freshly prepared prior to each experiment (4). 
Amidase activities were determined as already described (8). 


Results 


The inhibitory activity of the present compounds was determined within 
a range of initial substrate (ATA) concentrations of 0.01 to 0.03 mM. In- 
hibitor concentration was maintained constant at 0.025, 0.0125, or 0.01 
M (see the legends to Figs. 1 to 4). Initial reaction velocities were deter- 
mined from the initial slopes of first order reaction plots (2).!_. The enzyme- 
inhibitor dissociation constant, K;, was determined by plotting the data 
according to Equation 1 


1 In the presence of certain inhibitors, falling rates were observed when the data 
were plotted according to first order reaction kinetics. This effect, which was more 
pronounced at the higher inhibitor concentration, was particularly apparent in the 
case of 3-indolepropionic acid, cyclohexylacetic acid, cyclohexylpropionic acid, a- 
naphthylpropionic acid, a-naphthylmethylmalonic acid, and 2,4-dinitropheny]pro- 
pionic acid. In the presence of phenylacetic acid, however, positive deviations 
from linearity were observed when the data were plotted semilogarithmically. These 
effects are apparently the result of competitive interactions of the inhibitor, sub- 
strate, and reaction products (acetyl-L-tyrosine), respectively, with the enzyme. 
Quantitative interpretations would go beyond the scope of the present paper. 
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1 

where, as before (1), C = k/e; k is the first order reaction constant calcu- 
lated from decimal logarithms, e is the enzyme concentration in mg. of 
enzyme N per cc., a is the initial substrate concentration, (7) the inhibitor 
concentration, K,, the Michaelis constant, and k; the specific rate of ac- 
tivation. The values for K,, and k; for the chymotryptic hydrolysis of 
ATA were found to be practica!!y identical with those previously given 
(1); 7.e., Km = 0.027 Mm and k; = 3.12 X 10°. 


TaBLeE I 
Competitive Inhibition of Chymotrypsin by Various Compounds at 25° 
Compound tested Ks association 
10 2 calories per mole 
2. Phenylacetic acid ...................... 4.2 — 1880 
3. 8-Phenylpropionic acid.................. 0.55 — 3080 
4. y-Phenylbutyric acid.................... 1.40 — 2530 
5. Cyclohexylacetic “ .................... 8.6 — 1460 
6. Cyclohexylpropionic acid................ 3.0 — 2080 
7. Cyclohexylbutyric acid... .............. 3.5 — 1990 
8. 3-Indolepropionic acid................... 0.25 —3570 
9. 3-Indolebutyric acid..................... 0.36 —3350 
10. 2-Phenoxyethanol....................... 0.58 —3050 
11. 2,4-Dinitro-8-phenylpropionic acid. ..... 0.53 —3080 
12. a-Benzylmalondiamide*.................. 7.88 — 1510 
13. a-Naphthylmethylmalonie acid.......... 5.5 —1720 
14. a-Naphthylpropionic acid..... .......... 0.40 —3280 


* In 8 per cent methanol, inhibitor concentration 4.6 X LU™’ Mm. 


All inhibitory compounds of the present investigation revealed strictly 
competitive inhibition, as shown by the results plotted in Figs. 1 to 4. 
The K; values calculated from these plots are given in Table I. While 
a comparative analysis of these data will be given in the discussion of this 
paper, several explanatory comments on the experimental results should 
be given here. 

In every case in which K; was determined from measurements at two 
different inhibitor concentrations (see Figs. 1 to 4), the results agreed to 
within about +2 per cent. §$-Phenylpropionic acid has now been found 
to exert strictly competitive inhibition, K; being somewhat higher than 
previously calculated from measurements at a single substrate concentra- 
tion (1). 
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Because of its relative insolubility in aqueous solutions, the inhibitory 
activity of a-benzylmalondiamide was determined in the presence of 8 
per cent methanol. Calculations of K; were carried out after correction 
for the effect of methanol on K,, by using the data of Kaufman and Neu- 
rath (4).. 


32+ 
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Fig. 1. A plot of Equation 1 to demonstrate the competitive inhibition of chymo- 
trypsin. The symbols refer to the following systems: OATA, OATA + 2.5 X 107 
mM phenylacetic acid, @ATA + 1.0 X 107? m y-phenylbutyric acid, ®BATA + 2.5 X 
10-? m y-phenylbutyric acid. 


DISCUSSION 


The results given in Table I show clearly that the distance of separation 
between the nucleus R and the carboxylate group is of critical importance 
for inhibitory activity toward chymotrypsin. In the case of the aromatic 
fatty acids (Compounds 1 to 4, Table 1), maximum inhibition is exerted 
by 8-phenylpropionic acid, inhibition decreasing more sharply when the 
chain length is reduced than when it is increased. This finding is analo- 
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gous to that previously obtained for specific inhibitors for carboxypeptidase 
(9), except that these compounds are less effective toward chymotrypsin 


20+ 


O 20 40 60 #480 100 


Fic. 2. A plot of Equation 1 to demonstrate the competitive inhibition of chymo- 
trypsin. The symbols refer to the following systems: OATA + a-benzylmalonic 
acid, OATA + 2.5 10-? mcyclohexylacetic acid, ®@ATA + 1.25 X 10-? mcyclohex- 
ylpropionic acid, © ATA + 2.5 X 107? m cyclohexylbutyric acid, @ ATA + 2.5 X 
10-* m cyclohexylpropionic acid. The line of smallest slope is also for the system 
ATA + chymotrypsin. 


than toward carboxypeptidase (the K; values differing by two orders of 
magnitude). 

Qualitatively the same relative effect of chain length on inhibitory ac- 
tivity has been found with the other series studied in this investigation, 
8-substituted propionic acid anions being the most effective inhibitory 
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compounds. However, the relative dependence on chain length is less 
pronounced. This is true regardless of whether the compounds in ques- 
tion are more (indole series) or less (cyclohexyl series) efficient inhibitors 
than are the corresponding fatty acids of the aromatic series. 


120 


105 + 
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Fia. 3. A plot of Equation 1 to demonstrate the competitive inhibition of chymo- 
trypsin. The symbols refer to the following systems: AATA + 1.25 X 107? m 2- 
phenoxyethanol, OATA + 1.25 X 10-* m 3-indolebutyric acid, OATA + 1.0 X 107 
mM 3-indolepropionic acid, OATA + 2.5 X 107? m 2-phenoxyethanol, ®@ATA + 2.5 
m 3-indolebutyric acid, @ATA + 2.5 X m3-indolepropionic acid. The 
line of smallest slope refers to the system ATA + chymotrypsin. 


Since K; presumably denotes an equilibrium constant for the reversible 
dissociation of the enzyme-inhibitor complex, the free energy change for 
the association reaction may be expressed 


The calculated values for AF® at 25° are included in Table I in order to 
facilitate on an absolute basis the comparison of the effects of substituents 
on inhibitory activity. 

If the 8-substituted propionic acids are considered, the activity decreases 
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in the following order of substituents: indole > naphthyl > phenyl = 
2,4-dinitrophenyl > cyclohexyl. The maximum difference in the free 
energy changes in this series is 1500 calories per mole (see Table I). 

It is apparent that the size of the nucleus is not the sole factor which 
determines inhibitory activity and that the electronic configuration con- 
tributes appreciably to inhibitor-enzyme interaction. Thus while a-naph- 


0 20 40 60 80 100 


Fig. 4. A plot of Equation 1 to demonstrate the competitive inhibition of chymo- 
trypsin. The symbols refer to the following systems: OATA + 2.5 X 107? mM a- 
naphthylmethylmalonic acid, OATA + 1.25 X 10? M a-1-naphthylpropionic acid, 
@ATA + 2.5 X 10-* M a-1-naphthylpropionic acid. The line of smallest slope refers 
to the system ATA + chymotrypsin. 


thylpropionic acid excels 8-phenylpropionic acid, the activity of the com- 
pound containing the even larger cyclohexyl group is appreciably less. 
The high activity observed for the compounds containing the indole nu- 
cleus is in full accord with the finding that tryptophan derivatives are the 
most susceptible substrates for a-chymotrypsin (2, 10, 11). It appears 
likely that interaction of the indole ring with the enzyme is enhanced by 
hydrogen bond formation through the ring nitrogen. 

It has been noted that the effect of chain length on inhibitory activity 
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is greatest for compounds containing the phenyl ring. Thus the difference 
in AF°® between 8-phenylpropionic and phenylacetic acid is 1200 calories 
per mole, and between 8-phenylpropionic and y-phenylbutyric acid, 500 
calories per mole. The corresponding differences for the cyclohexyl] acids 
are 600 and 100 calories per mole, respectively, and for indolepropionic © 
and indolebutyric acids, 200 calories per mole. It may be suggested that 
when the fitting between enzyme and nucleus is relatively poor, as in the 
cyclohexyl series, interaction is due primarily to the terminal carboxylate 
group, and hence the chain length is of secondary importance. Conversely, 
when the interaction between the nucleus and the enzyme is strong, the 
contribution of the carboxylate group to the binding plays a secondary 
réle and the chain length becomes again of less critical importance. 

It is of significance that 8-phenylpropionic acid and 2-phenoxyethanol 
have identical binding energies. These two compounds have essentially 
the same molecular dimensions but the electronic configurations of the 
carboxylate and of the alcohol group differ in that the former can only 
serve as hydrogen bond acceptor, while the latter can also serve as hydrogen 
bond donor. Kaufman and Neurath (1) have already shown that a car- 
boxylate group in this position can be replaced by an ammonium group, 
as well as by a ketone group, suggesting that the conjugate grouping on 
the active center is capable of both donating or accepting hydrogen bonds. 
The present findings are in accord with this interpretation. 

The finding that a-naphthylmethylmalonic acid has inhibitory activity, 
though of low order, is in apparent contradiction to the previously re- 
ported result (1) that a compound bearing two negative charges adjacent 
to the a-carbon atom (a-benzylmalonic acid) is devoid of inhibitory ac- 
tivity. In view of this discrepancy, the activity of a-benzylmalonic acid 
was retested. The results are included in Fig. 2 and fail to reveal signifi- 
cant deviations from the rate curve of the substrate alone. It is question- 
able, however, whether in the present system, an increase in the slope of 
less than 10 per cent over that of the control can be determined with ac- 
curacy. With inhibitor concentrations of 0.025 m, a 10 per cent increase 
in slope would correspond to K; = 0.25, and to AF® = —820 calories per 
mole, which may be considered as the smallest free energy change which 
can be detected with this method in the present enzymatic system. The 
calculated value of AF® = —1720 calories per mole for a-naphthylmethyl- 
malonic acid is thus not incompatible with the insignificant effect observed 
for the corresponding phenyldicarboxylic acid. 

The significant but relatively low inhibitory activity of a-benzylmalon- 
diamide is in full accord with previously advanced considerations of the 
inactivity of this compound as a substrate and of the less stringent struc- 
tural requirements of specific inhibitors (1). The inhibitory activity of 
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2 ,4-dinitro-8-phenylpropionic acid is practically the same as that of B- 
phenylpropionic acid, despite the difference in acid strength that exists 
between them. The chromogenic properties of this compound can be 
used to advantage in equilibrium dialysis measurements designed to deter- 
mine the stoichiometry of the interaction of a specific inhibitor with a- 
chymotrypsin. ‘These measurements will be reported on another occasion. 

If it is assumed, as suggested by inhibition studies with diisopropyl 
fluorophosphate (12) and by other experimental evidence,? that chymo- 
trypsin contains only one active center per molecule, the AF° values given 
in Table I should represent the actual binding energies. Although the 
binding energies found here are lower than those reported for the inter- 
action of dye anions (13) and homologous alkyl] sulfates (14) with serum 
albumin, they are sufficient to reveal the specificity requirements of the 
enzyme and to produce competition with the substrate. One reason for 
the relatively lower binding energies in the present system may be that 
the carboxylate group is not attracted by electrostatic forces but by hydro- 
gen bonding. Another reason may be that a relatively high energy of 
interaction between complementary structures of enzyme and inhibitor 
is counteracted by electrostatic repulsion of the carboxylate group of the 
inhibitor by a negatively charged group on the active center (2). Thus, 
if specific interaction also involves electrostatic attraction, as in the system 
carboxypeptidase- 8-phenylpropionic acid (2, 9), the binding energy be- 
comes appreciably higher, z.e., — 5700 calories per mole. 


This work has been supported in part by the National Institutes of 
Health, United States Public Health Service. 


SUMMARY 


The inhibition of the chymotryptic hydrolysis of acetyl-L-tyrosinamide 
by a series of compounds of the general structure R(CH2),COO- has been 
determined by quantitative kinetic measurements. In these series, R was, 
respectively, an indole, naphthyl, phenyl, and cyclohexyl group, the in- 
hibitory activity decreasing in the order named. The number of methyl- 
ene groups varied between 0 and 4, and maximum activity was obtained 
for « = 2, 2.e., B-substituted propionic acids. 

Other inhibitory compounds not conforming to this general formula 
were investigated as well and the results related to previously advanced 
ideas on the structural requirements of specific inhibitors for chymotrypsin. 
The binding energies involved in the interaction of these inhibitors with 
the enzyme are generally less thar those involved in the interaction of the 
dye anions with enzymatically inactive proteins, e.g., serum albumin. 


2 Manuscript in preparation. 
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STUDIES OF ACETAL PHOSPHOLIPIDES OF BRAIN 


I. PROCEDURE OF ISOLATION OF CRYSTALLIZED ACETAL 
PHOSPHOLIPIDE FROM BRAIN* 


By S. J. THANNHAUSER, NICHOLAS F. BONCODDO, anv 
GERHARD SCHMIDT 


(From the Research Laboratories of the Boston Dispensary, the Joseph H. Pratt 
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Feulgen and Rossenbeck (1) demonstrated in 1924 in the cytoplasm of 
cells the presence of substances which give histochemically a color reaction 
with Schiff’s aldehyde reagent. Feulgen and Voit (2) at the same time 
showed that the aldehyde group of these substances is not free, but bound 
in a labile form. The authors called this substance plasmalogen. Feul- 
gen and Bersin (3) succeeded in 1939 in isolating this compound from beef 
muscle and identified it as an acetal of glycerylphosphoryleolamine. Feul- 
gen’s method of isolation of this acetal phospholipide from muscle cannot 
be applied to tissues which contain a large amount of different lipides. 
Attempts to isolate an intact and pure acetal phospholipide from the lipide 
mixture of brain have been so far unsuccessful (4). 

In this paper a procedure is described, by which the isolation of a crys- 
talline acetal phospholipide from brain can be achieved, and its physical 
and chemical properties are reported. The behavior of acetal phospho- 
lipide toward enzymes and the physiological significance of the fatty alde- 
hydes are under investigation. 


EXPERIMENTAL 


Preparation of Crystallized Acetal Phospholipide from Brain—At every 
phase of the preparation, Schiff’s test was used as a guiding reaction. 10 
pounds of fresh beef brain were minced and dried with acetone. The dried 
brain was extracted with 4 liters of 95 per cent alcohol, with stirring at 
37°, for 2 days. The insoluble part was removed by filtration and ex- 
tracted twice with 2 liters of 95 per cent alcohol at room temperature for 
2 days. All of the alcoholic extracts were pooled and concentrated to dry- 
ness. The alcohol residue, after being thoroughly dried in a desiccator, 
was extracted at room temperature with 500 cc. of petroleum ether with 


* This study was aided by grants from the United States Public Health Service, 
the Rockefeller Foundation, the Godfrey H. Hyams Trust Fund, the Bingham Asso- 
ciates Fund, and the Charlton Fund. 
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occasional shaking. The centrifuged insoluble part, which consists prin- 
cipally of cerebrosides, was discarded. The petroleum ether extract was 
brought to dryness (weight 125 to 150 gm.) and was saponified by shaking 
it mechanically with 5 volumes (675 to 750 cc.) of 1 N aqueous NaOH for 
5 days at 37°. The saponified emulsion was brought to pH 5 with glacial 
acetic acid, cooled, and precipitated with 2 volumes of acetone. The fil- 
tered precipitate was suspended twice in cold acetone, and filtered each 
time at 5°. This step was repeated at room temperature. The dried res- 
idue weighs about 60 to 80 gm. and at this point it is pooled with that of 
another batch which was prepared in the same way. This combined ma- 
terial was resaponified for the purpose of complete removal of the mono- 
aminophosphatides. The resaponification was carried out in the same 
manner as the first. 

The dried saponified material (90 to 180 gm.) was suspended in 10 vol- 
umes (900 to 1300 cc.) of ether and allowed to stand for 2 days at room 
temperature. After centrifugation the insoluble part was washed once 
with ether. The original supernatant and the ether washing, both of which 
contain an amber-colored pigment, were pooled and brought to dryness 
(Fraction A, weight 10 to 20 gm.). The insoluble part was extracted four 
times at room temperature for 16 hours with a mixture of alcohol and 
ether (1:4). The residue from the extraction was discarded. The alco- 
hol-ether extracts were pooled and concentrated to dryness (Fraction A-1, 
weight 13 to 38 gm.). 

Fraction A-1 was worked up separately in the same way as Fraction *. 
Each of the fractions was shaken twice with 97 per cent acetone and then 
twice with dry acetone. The residue was digested in 20 volumes of hot 
methanol and allowed to stand at room temperature overnight. The in- 
soluble material was filtered and washed with a small amount of meth- 
anol. The combined filtrate and washings were diluted with 5 volumes of 
methanol. Each of the solutions was precipitated with lead subacetate 
3 to 5 drops of ammonia were added to complete the precipitation. The 
lead precipitate was discarded! and the filtrate was treated with hydrogen 
sulfide. The clear aerated filtrate was shaken with an anion exchanger, 
Amberlite XE-58, for about $ hour until the filtrate was no longer acidic. 
The filtrates from the Amberlite of Fractions A and A-1 were pooled and 
concentrated to approximately 500 cc., and 10 to 20 cc. of a saturated 
methanolic solution of ammonium reineckate were added to the concen- 
trate. The solution was placed in the refrigerator overnight. The reineck- 
ate consists essentially of sphingomyelin reineckate, which was discarded. 
The excess ammonium reineckate in the filtrate was precipitated by shaking 
with silver oxide for 4 to 5 hours. After filtration of the silver reineckate 


‘We found that this lead precipitate contains acetal phosphatidic acid (plas- 
malogenic acid) in small amounts, but no acetal phospholipide. 
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the vellow-colored alkaline? filtrate was boiled with charcoal in order to 
remove the pigment. After removal of the silver with hydrogen sulfide 
the filtrate was again treated with an anion exchanger, Amberlite XE-58, 
until it was no longer acidic to litmus. The filtrate from the Amberlite 
was concentrated to dryness. The dried material was shaken twice with 
97 per cent acetone and then twice with dry acetone. The residue was 
dried (weight 13 to 14.5 em.) and taken up in 30 volumes (390 to 435 ce.) 
of hot methanol. 

After cooling, the solution was shaken for 10 minutes with 6 to 7 @m. of 
Amberlite XE-64, filtered. and the filtrate brought to dryness (weight 8.5 


hig. 1. Crystalline acetal phospholipide from brain 


to9em.). The dried product was taken up in 5 volumes (42 to 45 cc.) of 
aot propanol on the steam bath and centrifuged. The residue was washed 
with a small amount of propanol and discarded, although it contained 
some acetal phospholipide. The combined supernatant and washing were 
placed in the refrigerator for at least 2 days. The crystalline precipitate 
was centrifuged at 0°, and washed once with 1 to 2 ce. of cold propanol- 
acetone (1:3) and twice with cold acetone. The original supernatant and 
the washings were discarded, since little acetal phospholipide is lost. “Phe 
dried crude acetal phospholipide weighs 2.5 to 3.5 gm. [It was reerystal- 
lized several times from 3 volumes (10 ce.) of hot methanol. The sub- 
stance crystallizes in the refrigerator in rosettes of fine needles (lig. 1). 
Yield | to 2 gm. from 20 pounds of beef brain. 

Physical Propertics of Acctal Phospholipide (Plasmalogen)  Vhe erystal- 

"Tt was found that acetal phospholipide undergoes hydrolysis on treatment with 
Charcoal af the solution as not olkaline 
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line substance is soluble in alcohol, glacial acetic acid, and chloroform, 
slightly soluble in benzene, and insoluble in acetone and ether. The sub- 
stance softens between SO-100° and decomposes at 205°. Todine number, 
1.43; specific rotation, [al77 = +6.25° (4 per cent solution in a mixture of 
chloroform-methanol (1:1)). 
Co HyOgNP (palmityl acetal) 
Caleulated. C 57.5, H 10.05, N 3.2, P 7.1, glyeerol 21.0, colamine 13.97 
(stearvl acetal) 
Caleulated. © 59.4, HE 10.3, N 3.01, P 6.67, glycerol 19.8, colamine 13.12 
Found. $7.78," 9.90,“ 2:85. "6.66, 13.5 
58.31, 10.66, 6.7, 
57.43, 9.88 


(;lyvcerol determinations were carried out according to Blix (5); colamine 
according to Artom (6).20 Dr. Foleh Pi of Harvard University was kind 
enough to determine the amino acid nitrogen according to the method of 
Van Slyke and coworkers (7). No amino acid nitrogen (serine) was 
present. 

DISCUSSION 

The primary extraction of acetal phospholipide is carried out at 37° be- 
‘cause extraction at higher temperatures or in a Soxhlet apparatus dissolves 
too much of other lipide material which would complicate the procedure. 
While acetal phospholipide is soluble at 37° in alcohol, it is not completely 
extracted trom the brain tissue by this treatment. A further small loss 1s 
unavoidable in precipitating the aqueous emulsion after saponification with 
acetone, owing to the slight solubility of the acetal phospholipide in aque- 
ous acetone, 

One of the most important points of the procedure is the removal of 
lecithins and cephalins by saponification with | Nx NaOH in aqueous emul- 
sion. Saponification in an alcoholic solution of NaOH splits colamine from 
the acetal phospholipide to a large extent. 

The extraction at room temperature of the saponified material with ether 
dissolves acetal phospholipide, although crystalline acetal phospholipide is 
insoluble in this solvent. This behavior is probably due to the presence 
of a vellow pigment which should not be removed earlier, as indicated in 
the procedure. 

Jt was found necessary to include in the procedure a precipitation with 
basic lead acetate, which does not precipitate acetal phospholipide but re- 
moves contaminations such as traces of amino acids and small amounts of 
phosphatidic acid acetal (plasmalogenic acid). The latter is) probably 
formed by the saponification procedure. 


The determination of colamine by Artom’s method is only conelusive im the 


abeence of serine ina phosphatide molecule, 
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The application of ion exchangers in the procedure is essential. Cations 
are present in all lipide mixtures extracted from tissue; acetal phospho- 
lipide crystallizes only after removal of cations. It is impossible to free an 
acetal phospholipide solution of cations by dial+sis, since acetal phospho- 
lipide passes through the membrane. Cation exchanger, Amberlite XE-64, 
removed the cations without adsorbing the acetal phospholipide. During 
the procedure, anion exchanger, Amberlite XE-58, was used for neutraliza- 
tion in order to avoid acidity without adding further cations. 

The molecular ratios of the constituents of acetal phospholipides con- 
firmed that 1 molecule of glycerol is combined with 1 molecule of phos- 
phoric acid and 1 molecule of colamine. The crystalline acetal phospho- 
lipide does not contain an unsaturated fatty aldehyde, since its iodine 
number was found to be 1.4. Our search in the mother liquor for an 
acetal phospholipide containing unsaturated fatty aldehydes has been un- 
successful so far. 

The acetal phospholipide isolated by Feulgen and Bersin (3) from mus- 
cle is probably identical with that isolated by us from brain, despite the 
difference in the decomposition points. Feulgen and Bersin report decom- 
position above 150°, while our acetal phospholipide decomposed at 203°. 
Feulgen and Bersin did not report the optical activity of their substance. 
The solubility in various solvents of our pure substance is in agreement 
with the solubilities observed by Feulgen and Bersin. 


SUMMARY 


A procedure for the isolation of crystalline acetal phospholipide from 
beef brain is reported. The crystallized acetal phospholipide is a satu- 
rated compound. Its physical properties are described. 


We wish to thank the Rohm and Haas Company of Philadelphia for a 
gift of Amberlites XE-58 and XE-64. 

The carbon and hydrogen analyses were carried out by the laboratory 
of Dr. Carl Tiedcke, Teaneck, New Jersey. 
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STUDIES OF ACETAL PHOSPHOLIPIDES OF BRAIN 
II. THE a STRUCTURE OF ACETAL PHOSPHOLIPIDE OF BRAIN* 
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In Paper I (1), the isolation of a crystalline acetal phospholipide from 
beef brain was described. This phospholipide is catalytically split into 
aldehydes and glycerylphosphorylcolamine in the presence of mercuric 
salts. The conditions of this hydrolysis are so mild that no migration of 
the phosphoric acid group occurs. Hence, the elucidation of the position 
of the phosphoric acid group in the glycerylphosphorylcolamine permits 
the decision of the question as to whether or not the natural acetal phos- 
pholipide is a derivative of a- or 8-glycerophosphoric acid. 


H.—C—O 
CH—R 


H.—C—O—P—O— CH: — CH:;(NH:) 


OH 
Acetal a-phospholipide 
CH2(NH:)—CH,0—P—O —CH CH-—R 
OH H, C—O 


Acetal 3-phospholipide 


The structure of acetal phospholipide is of particular interest in view of 
the close relationship to the cephalins (phosphatidylethanolamine and phos- 
phatidylserine). It had already been demonstrated by Schmidt, Hersh- 
man, and Thannhauser (2) that glycerylphosphorylcholine obtained by the 


* This study was aided by grants from the United States Public Health Service, 
the Rockefeller Foundation, the Godfrey H. Hyams Trust Fund, the Bingham Asso- 
ciates Fund, and the Charlton Fund. 
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enzymatic hydrolysis of lecithin in pancreas has the a structure. Baer 
and Kates (3) synthesized a-glycerylphosphorylcholine and established its 
identity with the natural product. The same authors (4) synthesized a- 
dipalmityllecithin and demonstrated its identity with dipalmityllecithin 
obtained from beef brain by Thannhauser and Boncoddo (5). 

In this paper the isolation of pure crystalline glycerylphosphorylcola- 
mine from acetal phospholipide will be described. Evidence will be pre- 
sented which demonstrates that its phosphoric acid group is likewise in 
the @ position. 


EXPERIMENTAL 


Catalytic Hydrolysis of Acetal Phospholipide (Plasmalogen) with Mercuric 
Chloride—3.5 gm. of acetal phospholipide were emulsified with 175 cc. of 
water on the water bath. After addition of 7 cc. of a 6 per cent solution 
of mercuric chloride the vessel was placed in a boiling water bath for 1 
hour. The aldehydes, which appear as a flocculent precipitate after 2 days 
standing at room temperature, are exhaustively extracted with ether in a 
separatory funnel. The chloride ions were removed from the aqueous 
phase by shaking with an excess of silver oxide. The filtrate was freed 
from metal ions by hydrogen sulfide. The aerated filtrate from the sul- 
fides was concentrated to dryness under reduced pressure. The residue 
was dissolved in a very small volume (3 cc.) of water. After adding 4 vol- 
umes of 95 per cent ethanol, the solution was transferred to a centrifuge 
tube and placed in the refrigerator for 12 hours. The supernatant was 
decanted from a small quantity of resinous material which adhered to the 
walls of the centrifuge tube. 6 to 8 volumes of absolute alcohol were 
added to the decanted solution. A milky turbidity formed at once. After 
48 hours standing in the refrigerator large colorless crystals formed on the 
walls of the vessel. The crystals were filtered and washed with absolute 
alcohol. The substance was recrystallized in the same manner by dis- 
solving it in a very small volume of water and adding an excess of abso- 
lute alcohol (Fig. 1). Yield 0.7 to 0.8 gm. 

Properties of Glycerylphosphorylcolamine—The substance crystallizes in 
large prisms; it sinters at 88° and melts at 155°. The optical rotation in 
5 per cent aqueous solution was [a] 22 = —3.26°. The substance is very 
easily soluble in water and insoluble in alcohol and other organic solvents. 
It does not give insoluble metal salts in aqueous solution. The substance 
loses 1 molecule of water on drying in vacuo at 80-100°. The analyses 
were carried out on the substance dried in vacuo at 100°. 

CsHyOsNP. Calculated. P 14.4, N 6.5 


Found. 
14.6, ‘6.01 


a 
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Periodate consumption of glycervIphosphorvleolamine (ee. of O.OL 
consumed per mg. of P), calculated (for | mole of periodate per atom of 
P), 13.0; found, 13.4. 

Isolation of Colamine Picrolonate by Aetd Hydrolysis of Glycerylphos- 
phorylcolam ne—A0 me. of were refluxed with 


Fie. 1. trom acetal phospholipide of brain 
1 x hydrochloric acid for 20 hours. 


Colamine was identified as a picrol- 
onate. 


Caleulated. 21.5 (m.p. 225°) 
Found. t 


Preparation of Glycerylphosphorylcoliamine by Hiudrolysis of Acetal Phos- 
pholipide with 20 Per Cent Acetie Acid at o?°— The eatalytic hydrolysis of 
| acetal phospholipide with mercuric chloride was carried out to avoid any 
rearrangement of the phosphoric acid group. We tound that pure crystal- 
line a-glycerylphosphorylcolamine could also be prepared without rear- 


rangement of the phosphoric acid group when the hydrolysis was carried ’ 
out by 20 per cent acetic acid at 387° during 48 hours. 


| Periodate consumption of glycerylphosphoryvleolamine (ce. of O.OL NL. 
consumed per mg. of P), enleulated tor Lo mole of periodate per atom P, 
13.0; found, 12.8. 
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DISCUSSION 


The analytieal figures of glyeeryiphosphoryleolamine from acetal phos- 
pholipide of brain show that it consists exclusively of the form. Tlence, 
the natural acetal phospholipide of brain from which it originated belongs 
to the @ series. 

To the glycerol-containing phospholipides for which the a structure has 
been demonstrated, namely pancreas lecithin (2) and dipalmityllecithin of 
brain (3-5), a phospholipide of the cephalin group with the @ structure has 
been added. On the other hand, no evidence for the occurrence of the 
3 structure in natural glycerol-containing phospholipides exists. 


SUMMARY 


(Gilycervlphosphorylcolamine was isolated from crystalline acetal phos- 
pholipide of brain. Its chemical and physical properties are described. 

It was demonstrated by periodate titration that glycerylphosphorylcola- 
mine derived from the acetal phospholipide obtained from brain is entirely 
of the @ structure. 

It is emphasized that all natural glycerol phospholipides in which the 
position of the phosphoric acid has been established belong to the @ series. 


We are indebted to Dr. Rieardo Cubiles and Mr. Maurice Bessman from 
our laboratory for their cooperation. 
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Feulgen and Bersin (1) obtained from the hydrolysis products of the 
acetal phospholipide present in muscle a mixture of thiosemicarbazones. 
They suggested that these thiosemicarbazones are derivatives of palmitic 
and stearic aldehydes, although they gave no analytical data supporting 
this view. Anchel and Waelsch (2) obtained from hydrolysates of lipide 
mixtures from different tissues, including brain, p-carboxyl phenylhydra- 
zones as well as carboxymethoximes of fatty aldehydes. The analysis of 
a mixture of these derivatives suggested the presence of Cig and Cis fatty 
aldehydes. Separation of the two different aldehyde derivatives was not 
carried out because of the small amounts of material. Klenk (3) reported 
the hydrolysis of an acetal-containing substance which was apparently a 
mixture of acetal phosphatidic acid and acetal phospholipide. The hy- 
drolysis yielded an aldehyde which he converted into the corresponding 
fatty acid. The titration of this fatty acid gave the equivalent weight of 
stearic acid. Leupold (4) prepared in Klenk’s laboratory a mixture of 
methyl acetals by boiling the total phospholipide mixture of brain with 
methanolic hydrochloric acid. After conversion of the methyl! acetal mix- 
ture to the corresponding fatty acids, palmitic, stearic, and oleic acids were 
isolated. 

Evidence concerning the nature of the aldehyde groups of our crystal- 
line acetal phospholipide from brain (5) will be reported in this paper. 
Two different procedures were applied for the separation and identifica- 
tion of the aldehydes: (1) separation of the free aldehydes by microdistilla- 
tion in a high vacuum, and (2) conversion of the aldehyde mixture to the 
corresponding fatty acids and separation of the methyl esters of the fatty 
acids by microdistillation ina high vacuum, 


* This study was aided by grants from the United States Public Health Service, 
the Rockefeller Foundation, the Godfrey H. Hvams Trust Fund, the Bingham Asso- 
cates Fund, and the Charlton Fund. 
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EXPERIMENTAL 


Preparation of Aldehyde Mixture—The ether solution of the aldehyde 
mixture obtained by catalytic splitting of the acetal phospholipide with 
mercuric chloride in aqueous solution (6) contained mercuric chloride. 
The removal of the mercuric chloride from the ether solution occasioned 
difficulties and could only be achieved with considerable losses of the alde- 
hydes. It was found to be much more convenient to prepare the alde- 
hydes by hydrolysis of the crystalline acetal phospholipide with 20 per cent 
acetic acid. 

3 gm. of acetal phospholipide were emulsified with 120 cc. of water. 
After addition of 30 cc. of glacial acetic acid the mixture was placed in a 
water bath at 37° for 2 days, and the aldehydes, which formed a floating 
precipitate, were exhaustively extracted with ether in a separatory funnel. 
The ether extracts were pooled, washed with 1 N aqueous sodium hydrox- 
ide until they gave a neutral reaction to litmus, and dried with sodium 
sulfate. The extract was concentrated to dryness in vacuo (weight 1.6 
gm.). This aldehyde mixture was solid at room temperature. 

Identification of Aldehydes—It was found to be impossible to separate 
mixtures of relatively small amounts of Cys and Cig hydrazones or oximes 
by fractional crystallization. The ranges of the melting points of the sub- 
stituted hydrazones and oximes are within 1° to 2° of each other, and their 
carbon values are likewise too similar to permit a satisfactory identifica- 
tion of the compounds. 

It was then attempted to separate the aldehyde mixture by fractional 
microdistillation under a high vacuum (7). 1.7 gm. of the aldehyde mix- 
ture were distilled at 0.0025 mm. pressure and four fractions were obtained. 
During the distillation extensive polymerization took place in all fractions. 
Only small quantities of unpolymerized aldehydes of each fraction could 
be isolated in the form of oximes. The oximes of all fractions gave ana- 
lytical figures which agreed with those of palmital oxime. 


CisH33NO. Calculated. C 75.3, H 11.18, N 5.49 
Found. 75.31, 12.6, 5.42 


The melting point of an authentic sample of CisH33NO was 87°; found, 87°. 

Finally it was decided to convert the aldehyde mixture into the corre- 
sponding fatty acids and to fractionate the methyl esters of these acids by 
high vacuum distillation. The equivalent weight of the free fatty acids 
could be expected to show definitely whether or not Cys and Cys aldehydes 
are present in the a-acetal phospholipide. 

The conversion of the aldehyde mixture to the fatty acids was carried 
out over the oximes and nitriles (3). 


R—CH=NOH — R—C==:N — R-COOH 
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1.7 gm. of the aldehyde mixture were dissolved in 10 cc. of 95 per cent 
alcohol, and 4 gm. of hydroxylamine hydrochloride, 24 cc. of water, and 
16 ce. of 10 per cent sodium hydroxide were added to the solution. After 
further addition of 100 ce. of 95 per cent alcohol the solution was heated 
on the steam bath for 15 minutes. The oximes crystallized overnight in 
the refrigerator and were recrystallized from 10 ec. of hot 95 per cent al- 
cohol (weight 0.88 gm.; m.p. 78-93°). 

The total amount of the recrystallized oximes was refluxed with 20 ce. 
of acetic anhydride on a steam bath for 2} hours. A calcium chloride tube 
was attached to the condenser. The solution was concentrated under di- 
minished pressure to dryness and dried in the desiccator. 

The dried nitriles were boiled with 10 cc. of 33 per cent aqueous sodium 
hydroxide for 2 hours. After diluting the mixture with 200 cc. of water 
the soaps were converted to the free fatty acids with 1 n hydrochloric 
acid. The fatty acids were extracted with ether, dried over sodium sul- 
fate, filtered, and the ether was removed by distillation (weight 0.8 gm.). 
The fatty acids were transformed into the methyl esters by heating with 
25 ce. of 7.5 per cent methanolic sulfuric acid (by volume) for 4 hours on 
a steam bath. After cooling, the methyl esters were extracted with pe- 
troleum ether. The petroleum ether was washed twice with water to re- 
move any traces of sulfuric acid. The solution of the esters was dried 
with sodium sulfate and concentrated to dryness in vacuo (weight 0.75 
gm.). The methyl esters were fractionated by distillation at 0.002 mm. 
pressure (Fraction I, 0.2 gm.; Fraction I, 0.15 gm.; Fraction III, 0.15 
gm.). The saponification of the methyl esters was carried out by dissolv- 
ing each fraction in 15 ec. of methanol, adding 1 cc. of 33 per cent aqueous 
sodium hydroxide, and heating on the steam bath for 4 hour. The free 
fatty acid of Fraction I was repeatedly recrystallized from a small volume 
of petroleum ether at 0°; m.p. 60°; molecular weight by titration with 0.1 
N sodium ethylate, 250. (Palmitic acid, m.p. 61°; molecular weight, 256.) 

The free fatty acid of Fraction III was repeatedly recrystallized from a 
small volume of petroleum ether at 0°; m.p. 67°; molecular weight by ti- 
tration with 0.1 N sodium ethylate, 279. (Stearic acid, m.p. 69°; molec- 
ular weight 284.) The fatty acid of Fraction II proved to be mainly pal- 
mitic acid contaminated by traces of stearic acid; m.p. 63°. The iodine 
number of the pooled fatty acids was 1.01. 

SUMMARY 

The fatty aldehydes present in crystalline acetal a-phospholipide of brain 
were converted into the corresponding fatty acids. 

Palmitic and stearic acids were identified by high vacuum distillation of 
their methyl esters. 
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The isolated crystalline acetal a-phospholipide of brain does not contain 
unsaturated fatty aldehydes. 

The amount of palmitic aldehyde in the acetal a-phospholipide is larger 
than that of stearic aldehyde. 


We wish to thank Dr. Louis Fieser for generous gifts of synthetic pal- 
mitic, stearic, and myristic aldehydes. 
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The observation that yeast shows a greatly decreased requirement for 
biotin when cultured in the presence of ample aspartate (1) and that many 
lactic acid bacteria require increased amounts of biotin for growth in me- 
dia lacking aspartate (2) pointed to a specific réle of biotin in synthesis of 
this amino acid. Subsequent experiments with growing organisms (3-5) 
and resting cells of Lactobacillus arabinosus (5) demonstrated that biotin 
was required for fixation of carbon dioxide in aspartic acid, and that in the 
presence of added aspartic acid this reaction no longer occurred (5). Thus 
by eliminating the necessity for a biotin-catalyzed aspartic acid synthesis, 
preformed aspartic acid greatly decreases the requirement of these organ- 
isms for biotin. 

In media that contain ample aspartic acid to eliminate the ‘aspartate 
function” of biotin, the reduced requirement for this vitamin shown by 
lactic acid bacteria is eliminated if oleic acid or other appropriate unsat- 
urated fatty acids are added in a non-toxic form (6, 7). When grown 
under these conditions, Lactobacillus casei did not contain detectable 
amounts of biotin (6), and since many other lactic acid bacteria are known 
that require oleic acid as a growth factor even in the presence of biotin 
(7, 8), it was postulated that, in those organisms for which biotin and 
oleate are mutually replaceable nutrients, biotin functioned in the syn- 
thesis of oleate (7). According to this view, the major quantitative re- 
quirement for biotin is in the synthesis of aspartic acid, while smaller 
quantities are required to catalyze synthesis of oleic acid (cf. 9). When 
synthesis of these products is rendered unnecessary by their presence pre- 
formed in the medium, then biotin becomes either completely non-essential 
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for growth or is required in such greatly reduced amounts that the neces- 
sary quantity can be supplied by synthesis. 

In the absence of biotin, growth will thus fail unless each compound is 
present, for synthesis of which enhanced amounts of biotin are required. 
By omitting in turn from a biotin-free medium each component that is 
non-essential when excess biotin is present, additional compounds for syn- 
thesis of which biotin is required might be found. Experiments of this 
type with several different bacteria are described below. 


EXPERIMENTAL 


Cultures and Inocula—Stock cultures! of the lactic acid bacteria were 
carried by monthly transfer in yeast glucose agar. Unless otherwise in- 
dicated, inocula were prepared by transfer from the stock culture to the 
basal medium used with each organism (modified in some cases as indicated 
in the foot-note to Table I), and incubation at 37° for 24 to 48 hours. They 
were then centrifuged, the cells resuspended in an equal volume of 0.9 per 
cent NaCl solution, an aliquot diluted 50-fold, and 1 drop of the latter 
dilute suspension was used to inoculate each experimental tube. 

Clostridium butyricum 6015 was carried as a spore stock in sterilized soil. 
Inocula were prepared by transferring a loop of soil to 10 ml. of freshly 
autoclaved, modified Medium C (Table I, foot-note) and incubating at 
37° for 72 hours. Unless otherwise stated, anaerobic conditions necessary 
for growth of this organism were obtained by incubation in a sealed jar 
containing moist oats (11). Following incubation, the culture was cen- 
trifuged, washed twice with sterile saline, then diluted to 10 ml., and 1 
drop of this suspension used to inoculate each assay tube. 

Basal Media and Assay Procedures—L. arabinosus 8014, L. casei 7469, 
Leuconostoc mesenteroides 8042, and Streptococcus faecalis 8043 were grown 
in Medium A of Table I. Lactobacillus fermenti 9338 was grown in the 
medium of Henderson and Snell (12), modified by replacing the sodium 
citrate with an equal weight of sodium acetate (Medium B). Medium C 
(Table 1) was used with C. butyricum. All organisms were grown in either 
6 or 10 ml. of diluted medium. Basal media, modified as indicated with 
each experiment, were dispensed in 3 or 5 ml. lots in 18 K 150 mm. Pyrex 
tubes. Test solutions were added, and the volume adjusted to 6 or 10 ml. 
with distilled water. Tubes were capped, autoclaved at 15 pounds pres- 
sure for 10 minutes, cooled, inoculated, and incubated at 37°. Growth 
was estimated turbidimetrically directly in matched culture tubes with an 
Evelyn colorimeter (660 mu filter) equipped with an adapter for a tube of 
this size. 

Biotin and Aspartic Acid Synthesis—As reported by others (2, 9), L. 


1 Strain numbers are those of the American Type Culture Collection. 
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arabinosus requires approximately 10 times more biotin for growth in the 
absence of aspartic acid, when the organism must synthesize this amino 


TABLE I 
Basal Media* 


Amount per 100 ml., Amount per 100 ml., 
double strength double strength 
Component Component 
mg. | mg. Y Y 
Glucose 2000 | p-Aminobenzoic acid! 40 
Sodium citrate 2000 (4000) + | Biotin 0.2; 0.2 
“ acetate 1200 (None)f_ Folie acid 2.0 
(NH,)2SO, 1000 | Calcium pantothen- 40 
KeHPO, 600 100 ate 
KH2PO, 600 100 | Nicotinic acid 40 
Mgs0O,-7H,0 100 (40)f = 40, Pyridoxal hydro- 20 
MnSO,-H,O 100 2 chloride 
FeSO,-7H,0 2 | 2 Riboflavin 40 
NaCl 2 | 2 Thiamine chloride 20 
Adenine sulfate 2 mg 
Guanine hydrochloride 2 pL-Alanine 200 
Uracil | 2 pL-Aspartic acid 200 
Lt-Glutamic acid 200 
L-Arginine hydro- 40 
chloride 
L-Lysine hydro- 40 
chloride 
Reduced iront | Other amino acids;§ | 20 
7 L forms or 
Other amino acids;§ | 40 
DL forms 


* The various deletions or additions to these media were made as noted in in- 
dividual experiments. For growing inocula, the amino acids of Medium A were 
omitted, and the following supplement was added to both Medium A and C: acid- 
hydrolyzed casein (10) 1000 mg.; glycine 40 mg.; L-asparagine, DL- tryptophan, and 

L-cystine, 200 mg. each. 

t The quantities in parentheses represent those used in the medium for S. faecalis 
only. 

t Iron by hydrogen, Merck. A few mg. are added to each tube just prior to 
autoclaving. The product does not interfere with turbidimetric estimation of 
growth, and assists in maintaining anaerobic conditions. 

§ Cystine, glycine, histidine, isoleucine, leucine, methionine, phenylalanine, 
proline, serine, threonine, tryptophan, tyrosine, and valine. 


acid, than is required when aspartic acid is supplied preformed (Fig. 1). In 
contrast, L. fermenti shows the same biotin requirement under these two 
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Fig. 1. The comparative response of L. arabinosus to biotin in the presence or 
absence of aspartic acid; incubated 36 hours. 
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0. 0.2 0.3 0.4 0.5 
MILLIMICROGRAMS BIOTIN PER IO ML. 
Fig. 2. The comparative response of L. fermenti to biotin in the presence or ab- 
sence of aspartic acid; incubated 48 hours. 


sets of conditions (Fig. 2), the magnitude of this requirement being similar 
to that shown by L. arabinosus in the presence of aspartic acid. This find- 
ing suggests that, in organisms such as L. fermenti, biotin is not required 
for aspartate synthesis. 
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These data are extended in Table II, where the aspartic acid require- 
ment of several organisms was compared in the presence and absence of 
biotin. When biotin was omitted, sufficient oleic acid was added to satisfy 
the ‘“‘oleate function” of this vitamin. Like L. arabinosus, L. casei and 
S. faecalis require aspartic acid for growth in the absence, but not in the 
presence, of excess biotin, a finding consistent with the postulated rdéle of 


TaBLe II 
Effect of Biotin on Asparitc Acid Requirement of Various Bacteria 


acid-free medium 


| Additions per 6 ml. biotin- and aspartic 
Organism | 
| 


Oleic acid, 
| Extent of growtht 
L. arabinosus............... Present +++ +++ 
Absent +++ - 
Present +++ +++ 
Absent +++ 
Absent +++ 
Absent 
| Absent +++ +++ 
| Absent +++ +++ 


* Tween 40 serves to detoxify oleic acid and enhance its growth-promoting prop- 
erties (7). 

t Heavy growth, +++; no growth, —. None of the organisms grew without 
biotin when both aspartate and oleate were omitted from the medium. L. casei 
and L. fermenti were incubated 48 hours, C. butyricum 84 hours, other organisms, 
24 hours. 

t Asparagine used in place of aspartic acid. 


biotin in aspartate synthesis (2-5). In marked contrast, L. fermenti and 
C’. butyricum grow well when oleate is substituted for biotin, even though 
aspartic acid is omitted from the medium, a finding that lends further sup- 
port to the view that biotin is not required in these organisms for aspartate 
synthesis but is required for synthesis of unsaturated fatty acids. The 
biotin requirement shown for L. fermenti in Fig. 2 represents that needed 
for the latter function. 

It should be noted that ether oleate or biotin suffices to permit growth 
of (. butyricum in a medium free of all amino acids and purine bases. It 
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appears that for this organism synthesis of unsaturated fatty acids is the 
only function requiring an external supply of biotin, and that if the latter 
vitamin functions in formation of any of the other organic components of 
the cell, it does so at the extremely low levels apparently present in cells 
grown with oleate in place of biotin (see below). Separate experiments 
with L. arabinosus and S. faecalis showed that the same amino acids that 
were non-essential when biotin was supplied also were non-essential when 
biotin was replaced by aspartate plus oleate;? 2.e., in these organisms as- 
partic acid is the only non-essential amino acid for synthesis of which ex- 
ternal supplies of biotin are required. 


TaBLe III 
Biotin and Aspartic Acid Content of Bacteria Grown with and without Biotin 
iMedi 
Organism (biotin. Additions per liter of medium | Cell yield or hy —— 
free) cells 
gm. per I. per gm. per em. 
L. arabinosus..........| A Biotin, 0.3 y 0.78 0.26 
Oleic acid, 30 mg.*t 0.32 0.003 
ee B Biotin, 0.3 y 0.32 0.36 
Oleic acid, 30 mg.* 0.15 0.004 
C. butyricum........... C | Biotin, 1.0 0.63} 0.85 87.4 
Oleic acid, 100 mg.* 0.75f 0.003 97.6 


* Plus 1 gm. of Tween 40. 

t The culture flasks of this experiment were incubated in a carbon dioxide at- 
mosphere, since separate experiments had shown that in media lacking biotin 
heavier growth of L. arabinosus was secured in the presence of this gas. 

t Relative cell yields on the two media are subject to slight error in this case 
because of the presence of small amounts of reduced iron from the basal medium. 
The nitrogen contents (micro-Kjeldahl) were 5.36 and 4.81 per cent, respectively, 
for the biotin-grown and oleate-grown cells. 


Comparative Biotin and Aspartic Acid Content of Cells Grown with and 
without Biotin—The conclusion that aspartate synthesis by L. fermenti and 
C. butyricum is independent of biotin rests upon the assumptions (a) that 
these organisms contain no more biotin when grown in the absence of this 
vitamin than do organisms such as L. arabinosus in which aspartate syn- 
thesis is biotin-dependent, and (b) that aspartic acid actually is synthe- 
sized in the absence of biotin. To test these assumptions, 1 liter lots of 
each of these organisms were grown in media with and without biotin, as 
indicated in Table III. The medium used for C. butyricum also was free 

2 These non-essential amino acids included phenylalanine, proline, tyrosine, ser- 


ine, glycine, alanine, and cystine for both L. arabinosus and S. faecalis, and histi- 
dine, arginine, lysine, and threonine for L. arabinosus only. 
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of aspartic acid. To minimize carry over of biotin into these media with 
the inoculum, inocula for all flasks were subcultured at least twice in the 
biotin-free media supplemented with oleate and Tween 40. 10 ml. of 
such cultures were used as inoculum for each liter of medium. After in- 
cubating for 48 hours, cells were harvested by centrifugation, resuspended 
in saline, then washed successively with two lots of saline, one of 50 per 
cent alcohol, one of 95 per cent alcohol, and two of ether (13). They were 
then dried overnight at 60—70°, weighed, and hydrolyzed by autoclaving 
for 3.5 hours at 15 pounds pressure with 20 volumes of 6 N sulfuric acid. 
Hydrolysates were neutralized with sodium hydroxide, clarified by centrif- 
ugation, and the clear supernatant solutions assayed for biotin with Sac- 
charomyces carlsbergensis or Torula cremoris in the medium described by 
Atkin et al. (14). Neither of these yeasts grows with aspartate and oleate 
in place of biotin. Aspartic acid was determined with L. mesenteroides 
(15). The results (Table III) show that cells of C. butyricum grown in 
the absence of biotin in a medium free of all amino acids contain as much 
aspartic acid as those grown in the presence of biotin. Furthermore, 
neither this organism nor L. fermenti contains appreciably more biotin 
when grown in the absence of this vitamin than does L. arabinosus, and 
this amount is less than one-eightieth that present in cells grown with the 
minimum amount of biotin necessary to permit maximum growth in the 
absence of oleic acid and in the presence of aspartic acid. It should be 
recalled that the latter amount is much less than that required to permit 
aspartate synthesis by L. arabinosus (Fig. 1). The conclusion thus appears 
justified that aspartate synthesis by L. fermenti and C. butyricum occurs 
by a mechanism quite distinct from that operative in L. arabinosus, L. 
casei, and S. faecalis, and that the former mechanism probably does not 
require biotin. 

The significance of the traces of biotin found in those cells grown with- 
out biotin is not known with certainty. The amount of sample necessary 
to produce a growth response of the yeast in these cells was so large that 
the specificity of the assay might reasonably be questioned. However, 
this growth response was entirely negated by addition of avidin, a strong 
indication that biotin was responsible for the observed growth. Since the 
cells were grown in a wholly synthetic medium, and since special control 
determinations revealed no biotin in the reagents used, it is felt that traces 
of biotin actually were present, and that these may have arisen by syn- 
thesis. A subsequent report? will indicate that such traces of biotin may 
be essential for growth of L. arabinosus in the presence of both oleate and 
aspartate. These data are not contradictory to those of Williams and 
Fieger (6, 16), who reported no detectable biotin in cells of LZ. casei grown 


? Broquist, H. P., and Snell, E. E., to be published. 
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with oleate (and aspartate) in place of biotin, for if such cells were similar 
in biotin content to those of L. arabinosus grown under similar conditions, 
the amounts apparently assayed would contain insufficient biotin to yield 
a growth response. 

Relation of Carbon Dioxide to Biotin Requirement of L. arabinosus—In 
media containing hydrolyzed casein as the nitrogen source, oleic acid (plus 
Tween 40) permitted growth of many lactic acid bacteria substantially 
equal to that permitted by biotin (7). If the hydrolyzed casein of such 
media is replaced by a mixture of amino acids (including aspartic acid), 
growth of L. arabinosus with oleic acid is much less than that with biotin, 
and this difference is maintained on repeated subculture (Table IV). How- 


IV 
Effect of Carbon Dioxide on Response of L. arabinosus to Oleic Acid in Biotin-F ree 
Medium A 
Subculture No.* 
| Per cent incident light transmittedt 
Biotin, 5 megm. 23 22 | 21 | @ 
Oleic acid, 150 y§ 60 57 63 | 52 
Carbon dioxidet......., Oleic acid, 150 y§ 34 29 29 | 28 


* The cells of Subculture | served as inoculum for Subculture 2, ete., in each 
series. 

t Uninoculated medium = 100; incubation time 24 hours. 

t Culture tubes were placed in a desiccator which was then filled with carbon 
dioxide. 

§ Plus 5 mg. of Tween 8). 


ever, if oleic acid and carbon dioxide are supplied, the growth advantage 
enjoyed by the biotin cells is greatly reduced (Table IV), although not 
wholly eliminated. The requirement for an external source of carbon 
dioxide is thus much more critical in the absence of biotin. This suggests 
that one of the functions normally played by biotin in the metabolism of 
this organism is in the production of metabolically essential amounts of 
carbon dioxide, and that this product of a biotin-catalyzed reaction, like 
aspartic and oleic acids, also must be present in the medium if maximum 
growth is to be obtained in the absence of biotin. 
According to this view, the biotin required by L. arabinosus in the pres- 
ence of aspartic acid (Fig. 1) serves (a) to permit synthesis of unsaturated 
fatty acids, and (6) to permit formation of metabolically essential amounts 
of carbon dioxide. If the latter function were made unnecessary by sup- 
plying an excess of carbon dioxide, the biotin requirement for growth in 
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the absence of oleate should be further reduced. Experimental trial (Fig. 
3) showed this to be the case. 

The superiority of hydrolyzed casein to a mixture of amino acids in pro- 
moting growth of L. arabinosus in the presence of oleate and aspartate and 
the absence of added biotin and carbon dioxide may be due either to traces 
of biotin that remain in the hydrolysate after charcoal treatment (6, 7) 
or to the presence of other unidentified products that decrease the require- 
ment for biotin. 

Relation of Carbon Dioxide, Fatty Acids, and Biotin to Growth of C. butyr- 
icum—The data of Table V show that carbon dioxide is essential for 
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Fig. 3. The effect of carbon dioxide on the biotin requirement of L. arabinosus; 
incubated 36 hours. 


growth of C. butyricum in media that contain either ammonium sulfate or 
asparagine as the nitrogen source, but not in this same medium supple- 
mented with hydrolyzed casein, and these relationships hold whether the 
cells are grown with biotin or oleate, one of which is essential for growth. 
The most logical explanation for the essential nature of carbon dioxide 


| under'the former conditions is that it is required for synthesis of certain 


cellular ingredients without which growth cannot occur. If such synthesis 
involves carbon dioxide fixation, as appears probable, then the highly 
biotin-deficient cells grown with oleate in place of biotin (cf. Table III) 
carry out these reactions as effectively as do those cells grown with biotin. 
The implication is strong that biotin is not required for all reactions in- 
volving carbon dioxide fixation, and such a view-point would provide a 
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ready explanation for the favorable effect of carbon dioxide on growth of 
L. arabinosus in the absence of biotin (Table IV). 

Comparative Activity of Various Fatty Acids in Replacing Biotin for C. 
butyricum and S. faecalis—In all cases previously examined (e.g. (6, 7, 17, 
18)), the requirement of bacteria for fatty acids has not been specific for 
oleic acid, but rather for appropriate unsaturated fatty acids in free or 
combined forms. Meaningful comparisons of activities of these substances 
are difficult because they display toxic effects at concentrations similar to 
those required for growth (7, 19). Wherever investigated, this toxic action 


TABLE V 


Effect of Carbon Dioxide on Growth of C. butyricum in Biotin- and Amino 
Acid-Free Media 


Supplements to biotin and amino 
acid-free Medium 
Additions to 10 ml. biotin-free medium —Carbon dioxide* 
| 9.2 per cent 
None cent as- | 
‘hydrolyzed 
|\ | cassia 
Per cent incident light transmittedf 
| 
Biotin, 10 mugm....... Present 30 22 | 13 
Absent 99 | 8 
Oleic acid, | mg. + Tween 49, 10 mg... | Present 18 ig | 10 
Absent 99 96 7 


* The cultures incubated in the presence of carbon dioxide were placed in a 
sealed oat jar. Respiration of the moist oats removes oxygen and adds carbon 
dioxide to the environment (11). Cultures incubated in the absence of carbon 
dioxide were placed in a desiccator under nitrogen in the presence of excess soda 
lime. | 

t Uninoculated medium = 100; incubated 84 hours at 37°. 


has increased with the degree of unsaturation, and varies from organism 
to organism (7, 20). These facts have not been considered in most pub- 
lished comparisons of the activities of unsaturated fatty acids, and conse- 
quently a few such comparisons were made. Tween 40 (polyoxyethylene 
sorbitan monopalmitate) was used to detoxify the fatty acids (7). Oleic, 
linoleic, and linolenic acids were approximately equally active in promoting 
growth of C. butyricum and S. faecalis under these conditions (Table VI). 

Although saturated fatty acids are without growth-promoting activity, 
they greatly increase the activity of unsaturated fatty acids in replacing 
biotin for L. arabinosus (17). Since no detoxicants were used in the cited 
study, and since saturated fatty acids alleviate toxicity of unsaturated 
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TaBLeE VI 
Comparative Activities of Various Unsaturated Fatty Acids for C. butyricum and 


S. faecalis* 
C. butyricum | S. faecalis 
Oleicacid | | | | | 
* Per cent incident light transmitted 
| | 
30 81 65 | 
60 56 48 5 | | 
100 40 41 


* These tests were carried out in the inoculum medium (with biotin omitted) in 
which a casein hydrolysate is added to Medium C (for C. butyricum) and replaces the 
amino acids of Medium A (for S. faecalis). All tubes contained 10 mg. of Tween 40 
(see the text). The unsaturated fatty acids were obtained from the Hormel Insti- 
tute, Austin, Minnesota, and showed the following constants: oleic acid, iodine 
value 89.56 (theory 89.87) ; linoleic acid, iodine value 180.70 (theory 181.03) ; linolenic 
acid, iodine value 279.50 (theory 273.51). The latter two substances contained not 
more than 0.20 and 0.45 per cent, respectively, of polyunsaturated constituents. 
Alcoholic solutions were prepared and added aseptically to the sterile medium just 
prior to inoculation. 

t Uninoculated medium = 100. S. faecalis was incubated 24 hours, C. butyricum 
84 hours. 


PALMITIC ANO STEARIC 
ACID ADDED 


q 


———NO ADDITIONS 


INCIDENT LIGHT TRANSMITTED, % 


Oo 20 40 60 80 i100 1000 
MICROGRAMS OLEIC ACID PER !0 ML. 
yw Fic. 4. The sparing action of palm'tic and stearic acids on the requirement of C. 
butyricum for oleic acid. 10 mg. of Tween 20 were added to all the tubes; 250 7 each 
of palmitic and stearic acid were added to the indicated series; incubation time 84 

hours; medium as in Table VI. 
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fatty acids for L. caset under conditions where the latter are not essential 
for growth (20), an experiment was conducted to determine whether sat- 
urated fatty acids had a similar synergistic effect under conditions where 
unsaturated fatty acids were non-toxic. For this purpose, Tween 20 (poly- 
oxyethylene sorbitan monolaurate) was freed from fatty acids (21) and 
added to the medium asa detoxicant. The results (Fig. 4) show that under 
these conditions the requirement of C. butyricum for oleic acid is signifi- 
cantly decreased by the addition of saturated fatty acids, although these 
are inactive alone. 


DISCUSSION 


The fact that L. arabinosus and several other lactic acid bacteria require 
relatively large amounts of biotin to permit aspartate synthesis, whereas 
this vitamin plays no apparent réle in the synthesis of aspartate by L. 
fermenti and C. butyricum, reveals unexpectedly pronounced differences in 
the metabolic pathways of these various organisms. Since biotin-catalyzed 
synthesis of aspartate appears to occur via carbon dioxide fixation to py- 
ruvic acid (5), it appears likely that some other mode of formation of the 
C-4 unit is operative in the latter two organisms. An obvious possibility 
is the condensation of two C-2 units (22); however, none of these data pre- 
cludes operation, in these organisms, of a mechanism for carbon dioxide 
fixation that is independent of biotin. In contrast to these marked dif- 
ferences in the biotin-aspartate relationship, all of the organisms require 
biotin to permit growth in the absence of unsaturated fatty acids. 

In biotin-deficient rats, carbon dioxide fixation into arginine, purine 
bases and other substances, as well as aspartate, proceeds at a markedly 
reduced rate (23); C. butyricum, in contrast, grows well in the absence of 
each of these substances when biotin is replaced by oleic acid; their syn- 
thesis, consequently, would appear to be independent of biotin in this or- 
ganism. The data show that carbon dioxide is required under these con- 
ditions, a finding that suggests occurrence of certain reactions involving 
carbon dioxide fixation despite a much more pronounced biotin deficiency 
than can be possibly obtained in animals. 

The stimulating effect of carbon dioxide on growth of L. arabinosus in 
the absence of biotin as well as the sparing effect of this compound on the 
requirement for biotin in the absence of oleate was interpreted to indicate 
that biotin normally plays a réle in the production of metabolically essen- 
tial amounts of carbon dioxide in this organism. A logical mechanism for 
this lies in a reversal of the biotin-catalyzed fixation reaction, which might 
readily occur in media containing aspartic acid. Biotin has been shown 
to be involved in the production of CO, from aspartate, malate, and oxal- 
acetate, both in Escherichia coli (24) and in L. arabinosus (25); the present 
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findings indicate that such reactions are of value in permitting growth of 
the organism. The fact that carbon dioxide is necessary for heavy growth 
of L. arabinosus in the absence of biotin indicates that unidentified fixation 
reactions essential for growth in complex media of the type used for this 
organism may occur in these biotin-deficient cells. If such occur, they 
must be much slower than the biotin-catalyzed fixations, since Lardy e¢ al. 
(5) could detect essentially no fixation of C“O,. during a 60 minute test 
period by resting cells of this organism grown in a biotin-low medium. 


SUMMARY 


Lactobacillus arabinosus, Lactobacillus caset, and Streptococcus faecalis all 
require increased amounts of biotin for growth in the absence of aspartic 
acid. In marked contrast, Lactobacillus fermenti and Clostridium butyricum 
require the same amount of biotin in the presence and the absence of as- 
partic acid. For the first three of these organisms, aspartic acid and un- 
saturated fatty acids are required to permit growth in the complete absence 
of biotin; for the latter two organisms, unsaturated fatty acids alone per- 
mit such growth. 

C. butyricum synthesized aspartic acid when grown with oleic acid in 
place of biotin. The biotin content of this organism and of L. fermenti 
grown under these conditions was no higher than that of L. arabinosus 
grown with oleic and aspartic acids replacing biotin. The apparent biotin 
content of such cells is less than one-eightieth that of cells grown with the 
minimum amount of biotin necessary to permit growth in the absence of 
oleic acid. The latter amount, in turn, is only about one-tenth that re- 
quired by L. arabinosus for growth in the absence of aspartic acid. It is 
concluded that biotin probably is not involved in aspartic acid synthesis 
by L. fermenti and C. butyricum. 

C. butyricum grows in a glucose-inorganic salts medium when either 
biotin or oleic acid is supplied. This fact, combined with the vanishingly 
small biotin content of cells grown under the latter conditions, indicates 
that biotin probably is not required for synthesis of any of the amino acids 
or purine bases present in this organism. Carbon dioxide is required for 
growth in these media, and the possible significance of this finding is dis- 
cussed. Carbon dioxide also stimulates growth of L. arabinosus in the 
presence of oleate but absence of biotin, and decreases the biotin require- 
ment of this organism in the absence of oleate. It is suggested that one 
réle normally played by the vitamin in this organism is in production of 
metabolically essential amounts of carbon dioxide. 

When tested in the presence of a suitable detoxifying agent, oleic, linoleic, 
and linolenic acids were equally active in promoting the growth of C. buty- 
ricum and S. faecalis in the absence of biotin. Saturated fatty acids, al- 
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though inactive alone, were shown to decrease the requirement for unsat- 
urated fatty acids under these conditions. 
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IRON METABOLISM IN THE COBALT-POLYCYTHEMIC 
RAT* 
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(From the Division of Medical Physics, Donner Laboratory, University 
of California, Berkeley, California) 


(Received for publication, July 5, 1950) 


Although the finding that cobalt can produce a polycythemia in the rat 
is well known (1), the mechanism of the hematopoietic action is still 
obscure. Orten (2) measured the serum bilirubin concentration of normal 
and cobalt-polyeythemic rats, from which he concluded that passive accu- 
mulation of red blood cells as a result of a diminished rate of destruction 
did not occur. Copp (3) found that in rats given 0.1 mg. of cobalt daily 
the uptake of radioiron in the blood after intraperitoneal administration, 
as well as the per cent of the dose present in the blood at 24 hours, was 
almost four times as great as in the control rats. 

The present study was undertaken to measure the amount of iron 
utilized per day for red blood cell formation in cobalt-polycythemic rats 
and the time required for the maturation of the red blood cell in the bone 
marrow in a manner similar to that which Huff and coworkers (4) used in 
clinical investigation. 


Methods 


Two Groups of Adult Female Rats—The first generation of cross- 
breeding of highly inbred Slonaker and Curtis-Dunning rats was used. 
Group I consisted of five normal controls. Group II comprised four 
animals which received daily (six times per week) intraperitoneal injec- 
‘tions of 0.125 mg. of cobalt and 0.2 mg. of iron for 7 weeks, including the 
period during which the radioiron uptake in the red blood cells was deter- 
mined. The radioiron disappearance from the plasma and the uptake in 
the red blood cells were determined during the 7th week of cobalt admin- 
istration. Since Fraction IV-7, a 8-globulin of human sera, has been 
shown to be a metal-combining globulin and since the combination of metal 
and globulin can occur in vitro (5), the plasma from a donor animal 
was allowed to incubate at room temperature for 15 minutes with a solu- 
tion of ferric chloride containing 4 y of iron per ce. and a tracer amount 


*'This work was supported in part by the Atomic Energy Commission. 
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} Postdoctorate Research Fellow, Atomic Energy Commission. 


445 


of and Fe®. 
1.15 y of Fe, was injected into a tail vein. 
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Then 0.25 ce. of this mixture, containing approximately 
Blood samples of approxi- 
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Fig. 1. The rate of disappearance of radioiron from the plasma of normal rats 
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2 
Fic. 2. The uptake of radioiron by red blood cells in normal rats 


mately 0.075 cc. were obtained by cutting a tail vein and drawing the 
blood into a previously calibrated heparinized capillary pipette. 
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blood samples were taken at approximately 4, 2, 4, and 6 hours, in both 
Group I and Group II, daily in Group I, and on the 2nd, 3rd, 4th, 6th, 
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Fig. 3. The rate of disappearance of radioiron from the plasma of polycythemic rats 
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Fic. 4. The uptake of radioiron by red blood cells of polycythemic rats 


and 8th days in Group II. In the $, 2, 4, and 6 hour samples, 
the plasma was separated from the red blood cells by centrifugation. The 
radioactive iron was assayed by a modification of the method of Peacock 
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and coworkers (6, 7). The plasma iron concentration was determined by 
the method of Kitzes, Elvehjem, and Schuette (8).. The blood volume 
was determined by P*-labeled red blood cells (7). 


Results 


The rate of disappearance from the plasma and the uptake of radioiron 
in the red blood cells and the plasma iron concentration in both the nor- 
mal and polycythemic rats are presented in Figs. 1 to 4 and in Table I. 


TABLE 


Plasma Radioiron Half Time, Plasma Iron Concentration, and Radioiron Uptake of 
Normal and Polycythemic Rats with Final Total Red Cell Volume of Polycythemic 


Rats 
| | | | 
Group No. Animal No. Ty Fe | 
| 
I. Normal 1 106 2.6 27.6 
2 96 3.3 32.1 
3 138 3.6 35.8 
4 95 3.3 29.2 
5 110 3.5 35.4 
II. Polycythemic........ 1 126 4.3 38.4 3.53 
| 2 84 2.8 
! 3 100 4.1 37.6 2.99 
4 88 3.1 36.0 2.82 
DISCUSSION 


The turn-over time for any substance in which the rate of turnover is 
constant is 


1 
= K = 1.44 (1) 


K = the rate of turnover of plasma iron; 7; = the half time disap- 
pearance of radioiron from the plasma (in minutes). 


The number of turnovers per day is 


(24)(60) 


Nir) = (2) 


Then the iron turned over for hemoglobin production is 


Fe (24) (60) (0.693) (plasma volume) (plasma Fe, y per cc.) (Fe uptake r.b.c.) 


(3) 
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Fe uptake of r.b.c. = the fraction of the dose of radioiron incorporated 
into the red blood cells. Blood volumes were not determined for the 
normal animals because this value for the particular strain of rat has been 
determined in this laboratory (7). 

Table I shows that the animals given cobalt develop a polycythemia, 
since the total red cell volume of these animals was considerably higher 
than the normal of 2.20 cc. per 100 gm. of body weight. The plasma iron 
concentration is not much greater in the polycythemic animals than in 
the normal controls, despite the constant daily administration of 0.2 mg. 

According to Equation 3, the average turnover of iron for red blood 
cell formation in the normal rat was 33.7 y per day. The average body 
weight was 153 gm., in which the average total red cell volume would be 
3.34 cc. Since 1 ce. of red blood cells contains approximately 1 mg. of 
iron, 1 per cent of the iron in the red blood cells is turned over per day. 
Then the turn-over time of an iron atom in the red blood cell would be 
100 days. Since the iron in the red blood cell is not known to exchange 
with the plasma iron in vitro (9), the turn-over time for an iron atom could 
be the same as the mean lifetime of the red blood cell. The average iron 
turned over per day in the polycythemic rats was 55.4 y. This was 
equivalent to a regeneration rate of 1 per cent, so that the mean lifetime 
of the red blood cell of the poiycythemic animal would also be 100 days. 
Hence, significant passive accumulation of red blood cells does not occur 
at this time in the development of the polycythemia. 

The use of Equation 3 and from it the calculation of the mean lifetime 
of the red blood cell require a steady state; that is, that the amount of 
iron utilized per day for hemoglobin formation is equal to the amount 
liberated from destroyed red blood cells per day. In the polycythemic 
animal this is not so, but during the time in which the disappearance of 
plasma radioiron is measured this is practically so, since there is very 
little change in the total red cell volume in the 6 hours required to measure 
the disappearance rate of the plasma radioiron. By the same reasoning 
there would not be a measurable change in the radioiron uptake in the 
red blood cells. Since the animals do develop a polycythemia, the amount 
of iron utilized for hemoglobin formation per day must have been actually 
vreater than the amount liberated from destroyed red blood cells. In order 
for a polycythemia to develop, the difference between these quantities 
need be only 1 per cent, for, if each day the amount of iron utilized 
for red cell formation is 1 per cent greater than the amount liberated from 
destroyed cells, the animals will rapidly become polycythemic. Since 
the total circulating red cell volume changed very little during the short 
period of the iron turnover study, the system may be considered as in a 
steady state. 


In Figs. 2 and 4, the uptake of radioiron in the red blood cells shows that 
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the maximum uptake in both groups of animals is reached between the 
2nd and 3rd days. ‘This indicates that it requires between 2 and 3 days 
for the youngest cell in the erythropoietic series which takes up iron to 
mature and to appear in the peripheral blood. Since there is no signifi- 
cant difference between the curves for the normal and polycythemic rats, 
there is no acceleration of the process of maturation in the red blood cell 
involving the incorporation of iron into hemoglobin. 


SUMMARY 


1. In both normal and polycythemic rats, 1 per cent of the iron in the 
red blood cells is turned over per day, which is equivalent to a mean life 
span of the red blood cell of 100 days. 

2. Cobalt does not accelerate the processes of maturation of the red 
blood cells which involve the incorporation of iron. 
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METABOLISM OF GLUTATHIONE 


IV. ACTIVATORS AND INHIBITORS OF THE HYDROLYSIS OF 
GLUTATHIONE* 


By FRANCIS BINKLEY anp C. K. OLSON 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Pathology and Medicine, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, August 25, 1950) 


In the course of purification of the enzymes of pig kidney responsible 
for the hydrolysis of glutathione, it was found that most of the activity 
was lost during manipulations involving dialysis or precipitation. The 
factor necessary for reactivation of the system was identified as glutamine. 

Since the two enzymes can be separated (2), it was possible to demon- 
strate that the activation by glutamine was concerned with the first step 
of the hydrolysis, the production of cysteinylglycine. Certain materials 
such as penicillin G, bromosulfalein, and a variety of phthaleins were found 
to be inhibitors of the hydrolysis; these inhibitions were found to be con- 
cerned with the first step. 


EXPERIMENTAL 


Preparation of Combined System—The following method was convenient 
and permitted the production of a material of uniform activity. 200 gm. 
of frozen pig kidney were homogenized with 1 liter of 0.1 m NaHCoO;-0.1 
mM Na2CO; and the mixture was centrifuged at high speed. The superna- 
tant solution was dialyzed for 6 to 8 hours against frequent changes of 
distilled water and was mixed with an equal volume of acetate buffer 
(0.1 m, pH 4.0). The precipitate was removed by centrifugation and was 
redissolved in the mixture of NaHCO;-Na2CO;. The precipitation could 
be repeated several times without marked loss of activity. The active 
material was insoluble near pH 7.0 and could be precipitated from the 
alkaline solution by prolonged dialysis; the precipitated material could 
be dried with alcohol and ether and stored in a desiccator without loss of 
activity. The alkaline solutions were relatively unstable and could not 
be stored for more than a day or so. 

As would be expected, the analyses of the material indicated that it was 
composed essentially of nucleoproteins; a ratio of nitrogen to phosphorus 


* These studies were supported by grants from the United States Public Health 
Service. <A preliminary report has been given (1). 
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of approximately 8 was obtained and considerable amounts of pentose 
were found to be present. 

Separation of Enzymes—In a previous report (2), the separation of 
CGase from the GSHase was described.' The procedure given in that 
report did not yield a GSHase free from CGase. A satisfactory procedure, 
dependent upon the removal of the CGase by dilute acid, follows. The 
precipitated material was suspended in acetate buffer and was mixed thor- 
oughly (at 4°). The mixture was centrifuged and the supernatant solu- 
tion was discarded. The washing with acetate buffer was repeated twice 
more and a preparation was obtained which was relatively inactive in 
the absence of CGase and did not produce cysteine from glutathione. 


TABLE [ 
Activators of Hydrolysis of Glutathione 
An amount of enzyme (combined system) represented by 0.3 mg. of N was in- 


cubated with 20 mg. of glutathione in a total volume of 10 ml. of 0.02 m phosphate 
buffer, at pH 7.4, at 37° for 30 minutes. 


Activator Concentration Activity, as cystine 
mg. per ml. mg. 
Sodium glutamate........................... 1.0 0.05 
Ammonium chloride......................... 1.0 0.07 
1.0 0.17 
1.0 0.07 


Activity of Enzymes*—As illustrated in Table I, the combined system 
was essentially inactive in the absence of glutamine. Ammonia, glutamic 
acid, or asparagine would not replace the glutamine. Most amino acids, 
and especially arginine and glycine, were found to activate the system; 
these activations were of a minimal nature. The effects of concentration 
of glutamine upon the activity of the enzyme system were studied in 
various ways; one such study is illustrated in Fig. 1. In this study, the 
effect of concentration of glutathione upon the activity of the enzyme was 
measured; in addition to the control experiment, the activities toward 
glutathione were measured at various concentrations of glutamine. It 


1 Throughout this report, CGase is used to denote the activity toward cysteinyl- 
glycine; GSHase is used to describe the reaction concerned with the formation of 
cysteinylglycine from glutathione. 

* The methods of analyses were described in an earlier publication (2). 


F. BINKLEY AND C. K. OLSON 453 


is apparent that considerable activation was observed when glutamine 
was added. Glutathione, the substrate, was found to be inhibitory at 
higher concentrations. Such inhibitions by substrate have been reported 
many times but it is believed that this is one of the more marked examples. 
As increasing amounts of glutamine were added, it was found that maximal 
activity was observed with increasingly lower amounts of glutathione. 
From our data, we may draw the somewhat absurd conclusion that, with 
infinitely large amounts of glutamine and with infinitely small amounts 
of glutathione, the activity of the system was infinite. When a constant 


CYSTEINE 
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Fic. 1. Effect of glutamine on the hydrolysis of glutathione. The activity is ex- 
pressed as mg. of cysteine produced from the glutathione in 30 minutes by an amount 
of enzyme represented by 0.3 mg. of N in a total volume of 10 ml. The pH of the 
solution was 8.0 in 0.02 m phosphate buffer. The mg. of glutamine per ml. of digest 
is indicated by the figure with each curve. 


8 0 


amount of glutathione was used, an inverse plot of activity versus concen- 
tration of glutamine revealed a straight line relationship with an intercept, 
indicating a maximal velocity characteristic of the concentration of gluta- 
thione. 

It should be mentioned that at no time was there an appreciable release 
of ammonia from the glutamine. It was found that glutamine was with- 
out effect on the hydrolysis of cysteinylglycine by the combined system. 
Therefore, the effect must be on the first step, the hydrolysis of glutathione 
to cysteinylglycine. 
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Recombination of H ydrolytic System—The activity of the purified GSHase 
in the presence and in the absence of CGase is illustrated in Table IT. 
Little cysteine was produced by the action of the GSHase but consider- 
able cysteine was produced when a purified CCGase was added. When a 
GSHase was prepared from brain tissue, it was found that the enzyme 
was inactive unless CGase (from kidney) was added. Brain tissue does 
not contain appreciable amounts of CGase, and thus it was much easier 
to obtain a preparation of GSHase free from CGase. However, the con- 
centration of GSHase in brain tissue was much less than that in kidney 
tissue. 

Inhibitors of Combined System—FEarly in these studies it was found that 
bromosulfalein and phenol red were potent inhibitors of the hydrolysis. 


TaBLe II 
Recombination of Hydrolytic System 
GSHase (0.1 mg. of N) was incubated with 10 mg. of glutathione and 5 mg. of 
glutamine in a total volume of 10 ml. of 0.02 m histidine buffer, pH 7.9, for 30 minutes. 
The CGase contained 0.01 mg. of N per ml. 


GSHase preparation CGase added ys 

ml mg. mg. 
2 0.1 0.7 


The results with these and other materials are summarized in Table ITI. 
It is of some interest that the “renal blood flow” agents, phenol red, p- 
aminohippurate, and diodrast, were inhibitors of the hydrolysis. Penicil- 
lin G, a material likewise secreted by the kidney, was an inhibitor of the 
hydrolysis. None of these materials inhibited the hydrolysis of cysteinyl- 
glycine by the combined system. 

The inhibitions by bromosulfalein and penicillin were studied in greater 
detail. The inhibitions were overcome by the addition of enzyme or of 
substrate. The methods of analysis of Lineweaver and Burk could not 
be employed since, due to the inhibition by excess substrate, there was no 
real intercept. However, if points were selected in a range so that sub- 
strate inhibition was not marked, it was observed that the extrapolated 
lines had a common intercept. Thus it may be concluded that the inhibi- 
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TABLE III 
Inhibition of Hydrolysis of Glutathione 


15 mg. of glutathione and 5 mg. of glutamine were incubated for 30 minutes with 
an amount of enzyme (combined system) represented by 0.3 mg. of N in 0.02 m 
phosphate buffer, pH 7.4. 


Inhibitor Concentration Inhibition 
mg. per ml. | per ceni 
0.1 100 
Phenol red............ 0.1 100 
Brom cresol green................ 0.1 87 
Brom thymol n 0.1 59 
Methylene 0.1 31 
Thymolphthalein... ... 0.1 12 
p-Aminohippurate........................... 1.0 59 
Diodrast................ 1.0 28 
0.5r 
0.4+ 


Mg. CYSTEINE 


© 


6 7 pH 8 9 

Fic. 2. Effect of pH on the hydrolysis of glutathione. The buffer was 0.02 m 
phosphate. 15 mg. of glutathione and 5 mg. of glutamine (as indicated) were present 
in each digest. Penicillin G, 0.1 mg. per ml., and bromosulfalein, 0.01 mg. per ml., 
were added as indicated. An amount of enzyme represented by 0.3 mg. of N was 
present in a total volume of 10 ml. of digest. 


‘tions were of a competitive nature, but little information as to the exact 
mechanism of this competition was obtained. 
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As a part of the study of the mode of inhibition by penicillin and bromo- 
sulfalein, the relationship of the inhibitions to the pH of the digest was 
studied. One such study is summarized in Fig. 2. Several points are of 
interest in this study; the activation by glutamine was greatest and the 
inhibition by penicillin was accentuated at higher values of pH. 


DISCUSSION 


The combined system appeared to be necessary for the hydrolysis of 
vlutathione. ‘The first enzyme, GSllase, could be obtained from tissues 
that did not hydrolyze glutathione (brain tissue), but was relatively in 
active unless combined with the enzyme responsible for the hydrolysis of 
cysteinylglycine. The activation by glutamine appeared to be specific; 
neither the possible breakdown products of ghitamine nor amides other than 
glutamine were effective. Since little or no glutamine was destroyed in the 
hydrolysis of glutathione, glutamine may be operating as a coenzyme in 
the activation of the hydrolysis. One explanation may be that the hy- 
drolysis is, in a sense, an ammonolysis. Such reactions as the following 
may be involved. 


(1) Glutamine + enzyme -» enzyme-amide + glutamic acid 
(2) Enzyme-amide + glutathione — glutamine + cysteinylglycine + enzyme 


In this manner, it would be possible to explain why the activity was 
proportional to the concentration of glutamine and why there was no 
apparent breakdown of glutamine. However, such an explanation can 
be regarded as little more than an attractive working hypothesis. 

Archibald (3) has reported that bromosulfalein is a potent inhibitor of 
glutaminase and it would appear possible that, although we are not deal- 
ing with a hydrolysis of the amide grouping, a common enzyme is involved 
at some step in each process. In this connection, it should be mentioned 
that we have been unable to demonstrate glutaminase activity in other 
than homogenates or crude extracts of kidney tissue. Whether or not 
the inhibition by penicillin may be a basis of the antibiotic properties of 
penicillin cannot be answered until more information is available as to the 
role of these enzymes in metabolism.* 


SUMMARY 


It has been found that glutamine was required for the hydrolysis of 
glutathione by enzymes of kidney tissue. The site of the action of gluta- 


*It has been found that under conditions of suboptimal growth (restricted 
amounts of amino acids) the antibacterial action of penicillin toward Staphylococcus 
aureus was “reversed’’ by glutamine or glutatiione. llowever, in the presence of 
glutamine or glutathione optimal growth was obtained. 
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mine was, upon the first step, the hydrolysis to cysteinylglycine. Since 
the glutamine was not hydrolyzed by the system, it was concluded that 
glutamine was acting as a coenzyme. 

Penicillin and bromosulfalein were found to be inhibitors of the hydroly- 
sis; these inhibitions appeared to be of a competitive nature. 
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ACTIVITY OF 6,7-DIETHYL-9-(p-1’-RIBITYL)-ISOALLOXAZINE 
FOR LACTOBACILLUS CASEI* 


By JOHN P. LAMBOOY 


(From the Department of Physiology and Vital Economics, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, July 22, 1950) 


Of the relatively large number of analogues of riboflavin I which were 
synthesized by Kuhn and Karrer and their coworkers just prior to and 
shortly after their syntheses of riboflavin (1, 2), only three are of interest 
because they possessed biological activity! as the sole source of flavin in 
rats (4-6) and in Lactobacillus caset and Bacillus lactis acidi (7). The 
three compounds which are capable of replacing riboflavin in the diets of 
animals and bacteria are (11), 7- 
(IIT), and 
ribityl)-isoalloxazine (LV). 


Ky 
(1) 
H—C—H (II) H— 
H— CH,;— 
HO—C—H (IV) C,Hs— 
(V) H— C,;H;— 
HO—C—H (VI) C,H;— 
lHi—C—H 


Ry 


O 


The somewhat surprising finding that 7-methyl-9-(p-1’-ribityl)-isoal- 
loxazine and were capable 
of replacing riboflavin completely, while 7-ethy]-9-(p-1’-ribity]l)-isoallox- 
azine (V) could not (8), made it seem worth while to synthesize 6,7- 


* This study was supported in part by a grant-in-aid from the Fluid Research 
und Committee of the School of Medicine and Dentistry, University of Rochester. 

1A more detailed discussion of relationship between structure and biological 
activity is given by Lambooy (3). 
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diethyl-9-(p-1’-ribityl)-isoalloxazine (VI) to investigate its activity for 
bacteria which require riboflavin. 

6 ,7-Diethyl-9-(p-1’-ribityl)-isoalloxazine (3) is a yellow crystalline ma- 
terial which resembles riboflavin in all the chemical and physical properties 
studied. It is able to replace riboflavin in the growth of L. casez, and at, 
limiting levels and short growth periods it is indistinguishable from ribo- 
flavin. 


EXPERIMENTAL 


The procedure employed was essentially that outlined for routine ribo- 
flavin assay (9). Both riboflavin and 6 ,7-diethy!-9-(p-1’-ribity])-isoallox- 
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MOLES PER TUBE (x107!9) 


hic. 1. Availability of riboflavin and diethyl riboflavin for growth of L. casei. 
72 hour growth period. 


azine (diethyl riboflavin) were recrystallized from water. Standard solu- 
tions were prepared in water to contain equimolecular concentrations of 
2.74 & 10°-* mole per ml. These solutions were diluted for use immedi- 
ately before the standard tubes were prepared. 

The culture? used was L. casei 7469. Acid production in response to 
increasing amounts of the two flavins was determined by titration of the 
lactic acid produced during 72 hour and 120 hour growth periods (Figs. 1, 
2, and 3). 

The final criterion for the ability of the diethyl riboflavin to support 


2 American Type Culture Collection, Washington, D. C, 
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growth as the sole source of flavin was its ability to do so not only in the 
first subculture but throughout six successive serial subcultures. The 
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hia. 2. Availability of riboflavin and diethyl riboflavin for growth of L. caser. 
120 hour growth period. 
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Kia. 3. Availability of riboflavin and diethyl riboflavin at greater than limiting 
concentrations for growth of L. caset. 120 hour growth period. 


inoculum for each successive subculture was obtained from a triplicate 
tube containing 8.22 & 10-" mole of flavin per ml. The responses ob- 
served in the first and sixth subcultures were essentially the same (Fig. 2). 
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SUMMARY 


6 ,7-Diethy]-9-(bD-1’-ribity])-isoalloxazine can serve as the sole source of 
flavin for Lactobacillus casei. 

At limiting concentrations over a 72 hour growth period, this com- 
pound and riboflavin are indistinguishable by this biological test. How- 
ever, if incubation is continued for 120 hours, riboflavin is clearly superior 
to diethyl riboflavin in permitting acid formation. 
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A STUDY OF THE METABOLISM OF p-ARABINOSE IN THE 
RABBIT* 


By EUGENE W. RICE anvn JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, July 31, 1950) 


Breusch (1) reported the existence in cat liver of a D-arabinose dehydro- 
genase; Wainio (2) found that p-arabinose is oxidized in the presence of 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, methylene 
blue, and a preparation from lyophilized lamb liver. In view of these 
results, and because of the interest in the metabolic relationships of 5- 
carbon sugars in animal tissues, we have made studies on the fate of p- 
arabinose when administered to rabbits. 


EXPERIMENTAL 


The p-arabinose, obtained from the Pfanstiehl Chemical Company, was 
prepared from calcium gluconate by the method of Hockett and Hudson 
(3). Its specific rotation was —104.5°. The dosage used in all experi- 
ments was 2 gm. per kilo of body weight. 

Studies of Blood Levels—After collecting a control sample of blood, p- 
arabinose was administered orally to a fasting rabbit, and blood samples 
were collected at hourly intervals for 6 hours. Somogyi blood filtrates (4) 
were analyzed by the method of Benedict (5) for total sugar and non- 
fermentable reducing substances, and by the method of Roe and Rice (6) 
for pentose content. A typical result is shown in Fig. 1. The blood levels 
of total sugar and non-fermentable reducing substances reached a peak in 
about 1 hour and returned to the preingestion concentrations in about 6 
hours; the curves representing these substances closely paralleled each 
other, indicating that there was not a shift of pentose into fermentable 
substance. 

Recoveries after Oral Administration—pb-Arabinose was given orally to 
rabbits fasted overnight. The animals were anesthetized with nembutal 
and sacrificed at different intervals after administration. After laparotomy 
the gastrointestinal tract and the urinary bladder were removed. The 
gastrointestinal tract was homogenized with water in a Waring blendor and 


* Supported by a grant from the Division of Research Grants and Fellowships 
of the National Institutes of Health, United States Public Health Service. 

t The data of this paper are taken from a dissertation submitted by Eugene W. 
Rice to the Graduate Council, George Washington University, November 11, 1950, 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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its pentose content was determined by analysis of a filtrate from an aliquot 
treated with Somogyi’s reagents. The urine in the bladder was added ty 
that collected in the metabolism cage, and the pentose content of the pooled 
sample was determined. Samples of blood, liver, kidney, brain, and muscle 


" Y MOUTH-DOSE: PER 


140 
TOTAL SUGAR 
100. 
60. 
NON-FERMENTABLE, CUt* REDUCTION 
COLORIMETRIC PENTOSE 
S 20. 
0 6 


1/2 1 2 3 4 
HOURS AFTER ADMINISTRATION 
Fic. 1. Curves showing typical sugar levels in the blood of rabbits after adminis. 

tration of p-arabinose. 

TABLE [ 
Recoveries of p-Arabinose after Oral Administration to Rabbits 
Dose, 2 gm. per kilo of body weight. 
| 
No. of rabbits | 


Arabinose recovered (average) 


| 

| Urine Tissues | Total 
hrs. | per cent per cent per cent per cent 
0.08 | 2 | 100.7 0 0 100.7 
1 | 1 78.6 1.0 Trace 79.6 
2 | 3 | 63.8 3.7 | " 67.5 
6 | 3 | 13.2 5.2 | 0 18.4 
9 | 1 | 2.0 5.0 | 0 7.0 
12 | 2 | 0 wer eee 0 | 9.5 
24 | 3 0 | 5.9 | 0 ! 5.9 
48 1 | 4.8 | 4.8 
72 1 ; 6.5 6.5 
144 1 | 4.4 | 4.4 


were taken, and, in some experiments, of the gallbladder and spleen, and 
samples of the hide were removed for analysis. The tissue samples were 
homogenized in a Waring blendor and Somogyi filtrates were prepared. 
All analyses for pentose were made with the method of Roe and Rice (6). 

The results of these experiments are shown in Table I. Quantitative 
recoveries were obtained from the gastrointestinal tract of control rabbits 
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aerificed 5 minutes after administration. A gradual decrease in the p- 
arabinose in the intestinal tract was observed, only 2 per cent remaining 
hours after administration. Traces of free pentose were found in the 
tissues at the 1 and 2 hour intervals after administration, but the analyses 
performed 6 hours, or longer, after administering the sugar gave negative 
values. Pentose appeared in the urine early in the experiment, and the 
total excretion was less than 10 per cent of the amount administered in all 
eases. ‘The urine analyses for rabbits allowed to remain in the metabolism 
cage for 48, 72, and 144 hours showed no greater excretion of pentose than 
was observed in the 24 hour experiments. 

The results of ‘Table I, and other studies made upon blood and urine, 
indicate that, at a dosage of 2 gm. per kilo of body weight, 90 per cent of 
orally administered D-arabinose undergoes a metabolic transformation in 
the rabbit, as a result of which it no longer gives a colorimetric pentose 
reaction based on furfural formation or reduces alkaline copper solution. 

An extension of these studies was made to ascertain whether p-arabinose 
might become loosely bound in the tissues of the rabbit in a form that would 
not be detected by the colorimetric method. p-Arabinose was given to 
young rabbits weighing 200 to 300 gm. With nembutal anesthesia, the 
animals were sacrificed at different intervals after administration. The 
hide and paws were removed and discarded. A laparotomy was performed, 
and the gastrointestinal tract and urinary bladder were removed. The 
bladder contents were added to the urine voided in the metabolism cage 
after arabinose administration. Somogyi filtrates of the gastrointestinal 
tract and the urine were prepared. The remainder of the animal was 
homogenized with 0.6 N HCl. An aliquot of this mixture was neutralized 
with solid NazCO;3, and a Somogyi filtrate was made and analyzed for free 
pentose. Another portion of the carcass homogenate was refluxed for 3 
hours, cooled, and neutralized with solid Na,CO3. A Somogyi filtrate was 
made and analyzed for pentose and free furfural. The pentose was de- 
termined by the usual method, and the furfural was estimated by the same 
procedure without warming to 70°. The results of these experiments are 
shown in Table II. The recoveries of free pentose were similar to those 
shown in Table I. These experiments, in which an analysis of the whole 
carcass for pentose content was performed, confirmed the recovery studies 
made by analysis of separate tissues of adult rabbits. The data also showed 
that there was no additional pentose or furfural released by hydrolysis for 
$hours with 0.6 N HCl. This is evidence that the arabinose was not stored 
in the animal’s tissues in a loosely bound form. 

Several urine samples obtained after administration of p-arabinose were 
refluxed for 3 hours with 0.6 n HCl without showing an increase in the 
pentose content. These results indicated that pentose was not excreted 
in the urine in a bound form. 
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Laver Glycogen Formation—Since our preliminary studies showed that 
p-arabinose undergoes a metabolic transformation in the rabbit, it was of 
interest to investigate whether this sugar enters into pathways of normal 
hexose metabolism. A study was therefore made of the formation of liver 
ylycogen following administration of p-arabinose. 

In the experiments of Table III, Groups 1, 2, and 3, the method of Cohn 
and Roe (7) was used. Rabbits were fasted for exactly 24 hours. Nembv- 
tal in a dosage of 30 mg. per kilo of body weight was administered intra- 
venously, and a laparotomy was performed. Samples of liver were removed 
from the outer margin of the right and left lobes of the liver and placed in 
30 per cent KOH. Bleeding was controlled by the application of Hemo- 
pak and skin clamps. Saline or sugar solution was injected into the 
duodenum, and the animal’s abdomen was closed with sutures. 6 hours 
later nembutal was given, the abdomen was opened quickly, and samples 


Ll 


Data Showing Disappearance of p-Arabinose in Young Rabbits and Absence of Loosely 
Bound Pentose in Tissues 


Dose, 2 gm. per kilo of body weight. 


Arabinose recovered (average) 


Time after No. of | ‘Total furfural in carcass 
administration rabbits Gasteciatestian! peer after 3 hrs. hydrolysis 
tract and urine — 
| per cent percent | mg. per cent 
5 min. 1 101.2 | 0 | 0.8 
2 hrs. 2 70.3 | Trace | 1.1 
Fae 2 13.7 | 0 | 0.6 


Control, no sugar given. 1 | ) | 0 | 1.2 


of liver were excised from the outer margin of each liver lobe and placed in 
30 per cent KOH. The glycogen content of the liver samples was de- 
termined by the method of Good, Kramer, and Somogyi (8). 

This method of studying glycogenesis has the theoretical advantage of 
permitting one to obtain a control value for liver glycogen before adminis- 
tering the test substance. It requires careful control of anesthesia and 
bleeding, and it is desirable to work rapidly with the surgical procedure. 
As a check on this procedure for measuring glycogenesis, the experiments 
of Groups 4 and 5, Table III, were carried out. In these experiments the 
same technique was followed except that the initial laparotomy and removal 
of control samples of liver were omitted, and the test substances were 
given orally instead of intraduodenally. 

The results of the experiments of Group 1, Table III, confirmed the 
studies of Cohn and Roe (7), in which it was found that there is a significant 
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: increase in liver glycogen in rabbits fasted for 24 hours following saline 
: administration, when nembutal and surgery are used. The only conclu- 
. sions that can be drawn from the experiments of Groups 1, 2, and 3 must 
‘ be based upon a comparison of the increases in liver glycogen 6 hours after 
administration of the test substances. The observed mean increase in 
4 liver glycogen in 6 hours was 0.22 per cent with saline, 0.71 per cent with 
* 1 wrabinose, and 2.45 per cent with glucose. The mean increase in liver 
; sycogen following D-arabinose administration is significantly greater than 
: that obtained with saline (¢ = 3.5, P <0.01). But p-arabinose must be 
' considered a poor glycogen former in comparison with glucose, since the 
: mean increase in liver glycogen after glucose administration is significantly 
greater than that obtained with p-arabinose (4 = 9.1, P <0.01). The 
Formation of Liver Glycogen 
The rabbits were fasted for 24 hours. In Groups 1, 2, and 3, nembutal was ad- 
f ministered, a laparotomy was performed, and control liver samples were taken. 
Saline or sugar was injected into the duodenum, the abdomen was closed, and liver 
samples were taken 6 hours later. In Groups 4 and 5, nembutal was administered, 
saline or arabinose was given orally, and liver samples were taken 6 hours later. 
, Dose of b-arabinose, 2 gm. per kilo of body weight. 
| Liver glycogen 
Group No. Solut d tered P 
— ee rabbits | Control 6 hrs. later Increase 
(mean) ) (mean) (mean) 
a per cent | per cent per cent 
1 Saline Ee 0.31 | 0.53 0.22 
2 p-Arabinose = 5 0.46 | 1.18 0.71 
3 p-Glucose | + | 0.19 | 2.64 2.45 
4 Saline 6 | | 1.00 
p- Arabinose | 1.57 | 
data of Groups 4 and 5, Table III, are confirmatory of the results in Groups 
of 1,2, and 3, though they are less significant statistically (¢ = 2.71, P = 
0.04). 
d Keto and Lactic Acid Formation after p-Arabinose Administration—Since 
e § ithas been shown that a plethora of utilizable carbohydrate in the tissues 
ts gives rise to increased blood lactate (9, 10) and pyruvate (11), it was de- 
1e cided to determine the blood levels of these intermediates after p-arabinose 
al administration. 
re A non-fasted rabbit was placed in a well ventilated animal box which was 
covered with a removable wire screen. A 3 hour rest period was allowed 
1¢ ff ‘Opermit the animal to come to a basal condition. Two samples of blood 
nt §f Were collected from the marginal ear vein at hourly intervals before and 
after injection of the test substances, fluoride and oxalate being used as 
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preservative and anticoagulant. Somogyi filtrates of these samples were 
analyzed for lactate by the method of Barker and Summerson (12). Blood 
keto acids were determined by the direct method of Friedemann and 
Haugen (13) for total hydrazones, with trichloroacetic acid filtrates of 
iodoacetate-treated, oxalated bloods. Care was taken to keep the move- 
ments of the animal at a minimum throughout the experimental period: 
this is imperative, since otherwise erratic levels of blood lactate and keto 
acids are obtained. 

The results of these experiments are shown in Table IV. Two samples 
of blood collected 1 hour apart were taken before injecting the test sub- 


TABLE IV 


Blood Concentration of Keto Acids and Lactic Acid in Rabbits after Subcutaneous 
Administration of Saline, p-Arabinose, and Glucose 


Dose of sugar, 2 gm. per kilo of body weight. 


Mg. per 100 cc. blood 
Solution Keto acids | Lactate 
Time after injection 
—1hr 0 hr. 1 hr 2 hrs. —1 hr. 0 hr. 1 hr. 2 hrs. 
Saline 3.09 1.72 1.66 1.72 16.6 7.5 4.5 7.9 
" 2.23 1.61 1.81 1.88 8.0 6.5 6.6 5.6 
2.29 | 2.26 2.387 | 2.22 5.9 5.5 4.9 7.7 
p-Arabinose 1.54 1.63 2.49 2.76 4.3 6.5 12.4 7.4 
“ 2.93 1.74 1.78 | 10.0 10.9 12.1 
1.70 1.26 1.68 4.3 7.9 5.9 
. 2.86 2.99 3.50 2.79 7.8 6.7 | 9.8 10.1 
_ 3.05 2.70 2.10 2.13 4.3 3.7 3.7 3.3 
“ 2.92 3.34 2.46 2.66 9.3 8.4 9.6 8.4 
Glucose 1.86 1.86 4.05 3.41 6.1 3.5 16.0 13.7 
. 1.90 1.14 3.20 2.37 11.3 10.6 22.1 15.1 
2.56 | 2.43 | 2.90 | 2.36 15.4 | 12.6 
. 2.62 5.36 2.08 | 5.0 13.1 4.9 


stance to determine whether a basal condition had been obtained. The 
values at minus 1 hour are included in Table IV to show the essentially 
basal character of the zero hour levels. Statistical analysis is based on the 
zero hour values only as control levels. Analysis of variance showed non- 
significant variations in the hourly values for blood keto acids and lactate 
when saline was injected. After glucose injection, there was a highly 
significant variation (P <0.01) in the tests for blood lactate and a moder- 
ately significant variation (P <0.05) in the values for blood keto acid. 
When p-arabinose was injected, the tests were moderately significant for 
blood lactate (P <0.05) and non-significant for blood keto acids. These 
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data showed that there is a significant increase in blood lactate, but not in 
blood keto acids, after p-arabinose injection. 


DISCUSSION 


Our data upon blood levels and urinary excretion after D-arabinose ad- 
ministration are essentially in agreement with the results reported by 
Corley (14), based on copper reduction techniques. 

The observation that glucose administration gives rise to only moderately 
significant changes in the blood keto acids indicates that this is not a sensi- 
tive method for measuring carbohydrate degradation. The negative find- 
ings with blood keto acids after D-arabinose administration might, therefore, 
reflect the use of a method of low sensitivity. 

It appears that these studies present unequivocal evidence to show that 
p-arabinose undergoes metabolic transformation in the rabbit and sugges- 
tive, but not rigorous, evidence that this sugar gives rise to intermediates 
that enter known pathways of carbohydrate metabolism. 


SUMMARY 


1. p-Arabinose, when administered orally to rabbits, undergoes a meta- 
bolic transformation, after which it is no longer capable of giving charac- 
teristic reactions of a free pentose. 

2. Evidence was obtained suggesting that in the rabbit p-arabinose gives 
rise to intermediates that enter known pathways of carbohydrate metabo- 
lism. 


Grateful appreciation is expressed to Dr. A. M. Griffin for advice con- 
cerning the statistical analysis of our data. 
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A SIMPLIFIED PURIFICATION OF LECITHIN 


By MARY C. PANGBORN 


(From the Division of Laboratories and Research, New York State Department of 
Health, Albany, New York) 


(Received for publication, August 20, 1950) 


A practical and easily reproducible method for preparing lecithin of a 
high degree of purity is urgently needed in connection with the use of 
lecithin in cardiolipin antigens (1, 2). Methods devised for this purpose 
have been published (3, 4), but the procedures, based on the classic studiés 
of Levene and his coworkers (5, 6), were somewhat tedious and the lecithins 
so prepared have not always been satisfactory. Continued effort has 
therefore been devoted to simplifying and improving the available meth- 
ods. The procedure here described has been adopted after numerous 
experiments in which many combinations of solvents were tried. 

The details are presented by describing a typical preparation of egg 
lecithin. ‘The purification of lecithin occurring in such complex mixtures 
as tissue extracts is more difficult, and each source material can be ex- 
pected to present special problems. An example is beef heart, which was 
actually used for most of the experiments by which the present method 
was developed, and the modifications found necessary for this particular 
case are discussed. Since egg lecithin can be purified so much more 
easily, it is hoped that this product can be universally substituted for 
beef heart lecithin in cardiolipin antigens. Comparative studies of the 
two lecithins from this point of view will be reported elsewhere. 


EXPERIMENTAL 


For the chemical analyses reported in this paper the author is indebted 
to Mr. Milton B. Allen. Phosphorus was determined essentially accord- 
ing to the method of EKlek (7). Iodine numbers were determined by the 
method of Yasuda (8). To determine amino nitrogen the samples were 
hydrolyzed by boiling with 10 per cent HCl, and aliquots of the filtered 
and neutralized aqueous solutions were analyzed by the manometric 
method of Van Slyke (9), with certain modifications suggested by Ken- 
drick and Hanke (10). 

Egg Lecithin—Twelve fresh eggs were separated and the yolks stirred 
for a few. seconds in a Waring blendor; 200 ml. of acetone were added and 
the mixture was again stirred for about half a minute, then transferred to 
a beaker, and treated with 400 ml. of more acetone. This mixture was 
stirred thoroughly and filtered by suction. Repeated extraction with 
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acetone was carried out by returning the filter cake to the blendor with 
200 ml. portions of acetone and mixing briefly before refiltering. After 
five such extractions the yolk powder was creamy white, and the fifth 
acetone filtrate was only faintly yellow. Use of the blendor made it 
possible to carry out the acetone treatment very rapidly and with mini- 
mum volumes of solvent. 

The yolk powder was next extracted with 800 ml. of 95 per cent alcohol 
by shaking for } hour in a glass-stoppered bottle on a mechanical shaker, 
The alcoholic extract was filtered by suction and the filter cake discarded, 
since in a previous experiment it had been found that a second alcohol 
extraction yielded only very small additional amounts of lecithin. The 
alcoholic extract was precipitated with a slight excess of 50 per cent aque- 
ous CdCl:, about 15 ml. being required. The mixture was refrigerated 
about | hour and then filtered by suction, and the precipitate was washed 
twice with acetone on the filter. 

The precipitate was dissolved in 100 ml. of chloroform, yielding a 
slightly cloudy and faintly brown solution. This was poured with con- 
stant mixing into 700 ml. of alcohol to which 10 ml. of 50 per cent aqueous 
CdCl. were added. The addition of CdCl, is necessary to prevent dis- 
sociation of the lecithin salt and consequent loss of free lecithin into the 
filtrate. After the mixture had stood about 10 minutes at room tempera- 
ture with frequent shaking, the precipitate flocculated well, leaving a clear 
supernatant; the mixture was filtered by suction. The precipitate was 
redissolved in 100 ml. of chloroform and the colorless solution poured into 
alcohol containing CdCl, exactly as before. This time the precipitate was 
at first rather fine and tended to run through the filter; hence it was al- 
lowed to stand at room temperature for $ hour with frequent shaking 
before filtration. One more chloroform-alcohol precipitation was _per- 
formed in exactly the same way. 

After three precipitations the cadmium salt was next suspended in 
about 150 ml. of petroleum ether, and to this were added 500 ml. of 80 
per cent alcohol previously saturated with petroleum ether and contain- 
ing 0.1 per cent of CdCl, (3, 4); this solution is referred to for conven- 
ience as the 80 per’ cent alcohol mixture. The suspension was shaken 
vigorously in a separatory funnel until solution was complete; the alco- 
holic layer was drawn off, and the amount of material remaining in the 
petroleum ether layer was roughly estimated by evaporating a small 
aliquot to dryness and drying it for about } hour in a vacuum desiccator 
before weighing. There were about 3 gm. of material in the petroleum 
layer. It had been found in previous trials that the use of 100 ml. of 80 
per cent alcohol mixture per gm. of lecithin would give essentially com- 
plete extraction. The petroleum layer was therefore reextracted once 
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with 200 ml. and once with 100 ml. of the 80 per cent alcohol mixture. 
Less than 0.1 gm. of material now remained in the petroleum layer. The 
80 per cent alcohol extracts were combined and concentrated in vacuo to 
approximately two-thirds of the original volume; this is usually sufficient 
to insure the removal of petroleum ether and the consequent separation 
of a fine flocculent precipitate of lecithin-CdCl.. The concentrated mix- 
ture was refrigerated at about —5° overnight. 

The lecithin-CdCl, which had separated from the chilled 80 per cent 
alcohol solution was filtered by suction and freed from Cd as follows: 
The precipitate was dissolved in about 150 ml. of chloroform and the 
solution was shaken vigorously for about 5 minutes with an equal volume 
of 30 per cent alcohol. Under these conditions the lecithin double salt 
dissociates, and the CdCl, is washed out in the dilute alcohol. This is 
readily demonstrated by testing the aqueous-alcoholic layer with a drop 
of 5 per cent AgNQO3. If the aqueous layer is cloudy owing to suspended 
droplets of chloroform, a sample may be clarified for the chloride test by 
warming it slightly. 

The extraction with 30 per cent alcohol was repeated until the test for 
chloride was negative; this required four extractions. One more extraction 
with 30 per cent alcohol was then made to insure complete removal of 
cadmium. ‘The final mixture emulsified somewhat but was easily sepa- 
rated by centrifugation. In numerous trials of this method, it has been 
found that the first extractions usually separate quickly with no emulsifi- 
cation. ‘The process is therefore a very simple and rapid one, and it has 
been found much more convenient than the former methods in which Cd 
was removed by treatment with ammonia. 

The cadmium-free chloroform solution was evaporated to dryness by 
vacuum distillation. In order to remove residual alcohol and chloroform 
as completely as possible, the lecithin was shaken vigorously with a little 
acetone, the acetone was decanted, and the residue was dried for a few 
minutes in vacuo. The lecithin was then dissolved in 100 ml. of anhydrous 
ether and to the clear water-white solution were added 20 ml. of acetone. 
This mixture was placed at 3-6° overnight. A finely flocculent, dense 
precipitate separated slowly in the cold and this was readily removed by 
rapid filtration on a small Biichner funnel. The ether-insoluble matter 
weighed 0.5 gm.! The clear ether-acetone filtrate was evaporated to dry- 
hess n vacuo, and the purified lecithin was dissolved in absolute alcohol. 


'The addition of a little acetone to the ether solution greatly facilitates the re- 
moval of the ether-insoluble impurities, but in the case of egg lecithin, with its rela- 
tively low iodine number, there may also be a slow precipitation of the lecithin itself. 


Longer refrigeration or lower temperatures than those specified are therefore not 
desirable. 
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The yield was 7 gm.; P 4.03 per cent, N 1.98 per cent, NH2-N 0.02 per 
cent, N:P 1.06:1. 

Secondary Fractions—The several fractions removed during the course 
of purification were recovered for analysis. 

The three chloroform-alcohol filtrates were separately evaporated nearly 
to dryness and the residues dissolved in ether. The ethereal solutions 
were repeatedly extracted with 0.5 saturated NaCl; at each extraction 
alcohol was added equal to one-tenth the volume of the ether (4). This 
treatment converts the Cd salts of acidic phosphatides, such as cephalin, 
to Na salts, and also washes out the CdCl, from any lecithin salt that 
may be present. ‘The ethereal solutions thus freed from Cd were evapo- 
rated to dryness and the residues dissolved in methyl] alcohol for analysis. 
Only traces of the material failed to dissolve. 


TABLE | 
Fractions Separated from Egg Lecithin 


Fraction _ Total weight | Lecithin* | NH:-N 
| gm. | gm. | oe an 
CHCI,-alcohol Filtrate 1.................... 
| om | Om | ms 
0.67 | 0.60 10.0 


* Estimated from the amount of non-amino nitrogen. 

t This fraction was hemolytic. An alcoholic solution containing 13 mg. per ml. 
was diluted with 9 volumes of 0.85 per cent NaCl and the resulting suspension tested 
against sheep erythrocytes. 


The 80 per cent alcohol filtrate from the lecithin-Cd salt was concen- 
trated in vacuo to about 200 ml., and the suspension was shaken with 
about 100 ml. of chloroform and 100 ml. of 0.5 saturated NaCl. The 
chloroform layer was separated and washed four times with 30 per cent 
alcohol, then evaporated to dryness, and dissolved for analysis in absolute 
alcohol, in which it was completely soluble. 

The properties of these fractions are summarized in Table I. From 
these data it is evident that the chloroform-alcohol precipitation gives a 
rapid and efficient removal of cephalin with relatively slight losses of 
lecithin. In another preparation, four instead of three chloroform-alcohol 
precipitations were carried out, and this yielded a lecithin containing no 
detectable amino nitrogen and having P 3.94 per cent, N 1.80 per cent, 
N:P 1.01:1. The iodine number was 54.8. The procedure including 
four chloroform-alcohol precipitations was therefore adopted for routine use. 
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Beef Heart Lecithin—The crude CdCl: precipitate obtained from the 
methanol extract of 6.2 kilos of minced beef heart (wet weight), after 
removal of the fraction precipitable by BaCle (4), was precipitated three 
times from chloroform solution into alcohol exactly as described above. 
For each precipitation 200 ml. of chloroform and 1400 ml. of alcohol were 
used. The CdCle was then removed, the washed chloroform solution was 
evaporated to dryness, and the lecithin was dissolved in 180 ml. of an- 
hydrous ether. To the cloudy solution were added 36 ml. of acetone, 
when a rather bulky flocculent precipitate formed. The amount of this 
precipitate increased somewhat when the mixture was refrigerated over- 
night; in preliminary experiments, there did not seem to be any advantage 
in removing the first crop of precipitate before chilling the mixture. 

In marked contrast to the precipitates that form at this point in ether 
alone, which are separable only with difficulty in a refrigerated centrifuge, 
the precipitate from the cold ether-acetone mixture was readily removed 
by suction filtration on a chilled Biichner funnel. The total weight of 
ether-insoluble matter was 4.4 gm. 

The ether-acetone solution was evaporated to dryness and the lecithin 
was dissolved in alcohol. A little brownish, insoluble matter was present 
and the solution was slightly yellow. The partly purified lecithin weighed 
about 18 gm. and contained 0.25 per cent amino nitrogen. 

For further purification the alcoholic solution was made alkaline to 
phenolphthalein with 10 ml. of saturated aqueous Ba(OH).; the mixture 
was immediately neutralized with CO, and 2 ml. of saturated NaCl were 
added with vigorous shaking to flocculate the precipitate. This procedure 
aids purification in two ways: traces of acidic phospholipides are pre- 
cipitated on neutralizing with Ba(OH):, and the voluminous BaCOQO; pre- 
cipitate adsorbs most of the pigmented impurities. 

The precipitate was filtered by gravity, and the clear, nearly colorless 
filtrate was reprecipitated with CdCl,. The Cd salt was twice precipitated 
by pouring the chloroform solution into alcohol as before and was then 
fractionated once by the petroleum ether-80 per cent alcohol method as 
described for egg lecithin. Cadmium was removed and the lecithin dis- 
solved in ether to which 20 per cent of its volume of acetone was added. 
When refrigerated at —5° overnight, a very small precipitate formed 
which was filtered by gravity in the cold room. The ether-acetone solu- 
tion was evaporated to dryness, and the lecithin was dissolved in absolute 
alcohol. The material removed in the last chloroform-alcohol fractiona- 
tion was recovered for analysis. It weighed 0.7 gm. and contained 19 per 
cent of its nitrogen as amino nitrogen. 

The yield of lecithin was 10.5 gm.; found, P 4.21 per cent, N 1.94 per 
cent, N:P 1.01; iodine number 83.7; NH2-N < 0.01 per cent. 
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Since the analysis indicated the presence of some impurity with a higher 
P content than lecithin, a sample of this product was reprecipitated with 
CdCl, and purified once more by the petroleum ether-80 per cent alcohol 
method, but this treatment did not alter the composition, as on repeated 
analysis for P 4.21 per cent wasfound. In repeated preparations of beef 
heart lecithin the tendency for the phosphorus values to be higher than 
the theoretical has been consistently observed. 


SUMMARY 


A simple and rapid method is described for the purification of lecithin 
from fresh egg yolks. 

By suitable modification, with a slightly larger number of steps, the 
method can be used for purifying lecithin from more complex source 
material such as beef heart. 
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ENZYMICALLY INDUCED CHANGES IN THE TURBIDITY OF 
STARCH SOLUTIONS* 


By SIGMUND SCHWIMMER 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, August 29, 1950) 


The usual methods for detecting the action of amylolytic enzymes on 
starch are confined to three types of measurements: (1) increase in re- 
ducing action; (2) decrease in viscosity; and (3) decrease in the color of 
the resulting dextrin-iodine complex. Optical methods based upon the 
changes in optical rotation (1) and upon the refractive indices of the 
individual split-products (2) have been less frequently employed. Yet 
one of the most characteristic properties of starch solutions is the fairly 
intense Tyndall effect they exhibit, especially some time after their prepa- 
rations. This opalescence can be ascribed to the light-scattering effect of 
the high molecular constituents of the substrate, the amylopectin moiety 
probably contributing a major portion. When amylolytic enzymes are 
added to such solutions, certain well defined changes in the opalescence or 
turbidity are observed. As will be shown in this paper, each type of 
amylase used gives a characteristic turbidity pattern. A display of these 
patterns, as well as some of the pertinent factors affecting the turbidity 
changes, is presented. 


Methods and Materials 


Enzymes—The a-amylase used was a preparation of malt a-amylase 
crystallized three times (3). Crude a-amylase was prepared from a con- 
centrated malt extract by heating and ammonium sulfate fractionation. 
The 8-amylase preparation was a commercial preparation used for the 
determination of a-amylase. It was presumably prepared by acid treat- 
ment and ammonium sulfate fractionation, and was evidently free of 
traces of a-amylase. “Crude’’ Bacillus macerans amylase was prepared 
from the culture fluid of B. macerans by concentration and ammonium 
sulfate fractionation (4). The “purified”? B. macerans amylase was pre- 
pared from the crude enzyme by adsorption on starch (5), treatment 
with periodate, and ammonium sulfate fractionation, as described by 
Hale and Rawlins (4). The unit of enzyme activity for both malt a- 
amylase and B. macerans amylase is based upon the rate of decrease in the 
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color of the digest after the addition of iodine (4, 5). The unit for 8- 
amylase activity is based upon the reducing action of the starch digest 
(6). 1 unit of a-amylase or 6-amylase activity will hydrolyze about 5 
per cent of the glycosidic linkages in the starch under the conditions em- 
ployed. B. macerans amylase does not create appreciable amounts of 
reducing groups. 

Determination of Turbidity Changes—-1 ml. of enzyme solution was 
added at 26° to 10 ml. of 2 per cent Lintner soluble starch, pH 4.75, in 
an Evelyn photoelectric colorimeter tube. After mixing, the tube was 
immediately placed in the colorimeter and the per cent transmission read 
off at frequent time intervals with a light filter which absorbed maximally 
at 400 mp. The optical density (corrected, when necessary, for the blank 
due to the enzyme) times 100 is defined as the “‘turbidity”’ of the digest. 

Absorption Spectra of Iodine Complexres—7.5 mg. of each sample of 
carbohydrate were dissolved in 4 ml. of 0.56 n NaOH, neutralized with 
0.2 ml. of glacial acetic acid (final pH 4.75), and diluted to 40 ml. 0.5 ml. 
of this solution was added to 5 ml. of 0.0035 m I, containing 0.25 m KI. 
After adding 10 ml. of H,O, the absorption of the iodine complex with 
various light filters was determined in an Evelyn photoelectric colorimeter. 


Results 


Digestion with a-Amylase—As the digestion of soluble starch proceeds, 
there is an initial drop in the turbidity to a minimum value. The tur- 
bidity then increases at an accelerating rate until an apparent maximum 
is reached, after which it decreases quite slowly (Fig. 1). Increasing the 
enzyme concentration does not appreciably affect the minimum turbidity 
value, but does decrease the time required to reach this point. The time 
required to achieve maximum turbidity is also decreased and the actual 
turbidity attained is higher (Table I). Aging the starch solution prior 
to the addition of the enzyme increases the maximum turbidity value, 
but does not greatly affect the time required to reach it. Increasing the 
starch concentration either conceals or prevents the initial decrease in 
turbidity, but does not change the time required to reach maximum 
turbidity. Although the maximum turbidity is greater with increased 
concentrations of starch, the increase is not proportional to the starch 
concentration (see Table I). Use of crude enzyme in intermediate con- 
centrations gives characteristic turbidities and times which are not out of 
line with those obtained with crystalline enzyme. 

The substance responsible for the final turbidity eventually settled out 
of the digestion mixture as a flocculent precipitate and was thus easily 
isolated, About 100 mg. (dry) of this dextrin were obtained from an 
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5 10 15 20 
TIME - MINUTES 
Fic. 1. Changes in the turbidity of starch solutions as affected by a-amylase 
concentrations, starch concentrations, and aging of the starch solution. The values 
next to each curve give starch and enzyme concentrations, respectively. The con- 
ditions of assay and the expression of the turbidity units are described in the text. 
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Factors Affecting Turbidity Constants of Malt a-Amylase-Starch Digest* 


Enzyme units 


1.5 

1.5 

3.5 (Crude en- 
zyme ) 


*With the exception indicated, the system consisted of crystalline enzyme 
dissolved in 1 ml. plus 10 ml. of soluble starch buffered at pH 4.75 at 26°. 


Starch Turbidity characteristics 
Concen- | ve Optical density x 10? Time 
tration 
Minimum | Maximum Minimum | Maximum 
per cent | min. min 
2 Fresh 2.2 | 6.7 1.9 | 11.0 
2 Aged 13.3 11.0 
2 | - 3.2 14.2 2.0 12.0 
2 Fresh 0.6 3.3 
5 - None 18.6 3.3 
5 (55°) 1.0¢ 
20.0f 19.0f 
1 8-Limit dextrin 7.1 8.9 6.0 0.8 


starch was less than 2 hours old; aged starch was between 3 and 4 days old. 
+ Time and constants at which the increased turbidity was observed to fall off 

from linearity, after which it continued to rise. 
t Turbidity at 19 minutes. 
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a-amylase digest of 20 gm. of aged Lintner soluble starch (0.5 per cent 
yield). Its properties were compared with that of authentic samples of 
amylose and amylopectin. Like amylose, this ‘dextrin’? was insoluble in 
hot or cold water. Upon addition of iodine to a small solid sample, it at 
first seemed to become soluble but eventually became insoluble, thus 
again resembling amylose rather than amylopectin. High concentrations 
of a-amylase will digest a suspension of the dextrin as well as a suspension 
of amylose. ‘The color of the solid iodine-dextrin complex was, however, 
more red than blue, thus tending to resemble amylopectin but not amylose 
(which gives a blue-black color). The absorption spectrum of the ma- 
terial compared with potato amylose and with soluble starch is shown in 


> : 8 
> ‘ 7 
> @&-AMYLASE,15U 
oO 
4 AMYLASE, 4.1U 
3 
500 600 750 
Fig. 2 Fia. 3 


Fic. 2. Comparison of the absorption spectrum of the ‘‘turbidity’’ dextrin-iodine 
complex with that of amylose and soluble starch. The concentrations of the reagents 
are given in the text. 

Fig. 3. Changes in the turbidity of starch by 8-amylase in the presence and ab- 
sence of a-amylase. 


Fig. 2. In shape and intensity, the curve resembles that of amylose at 
wave-lengths shorter than 580 my, and more closely that of soluble starch 
at longer wave-lengths. 

When a-amylase is allowed to act on a #-limit dextrin solution (pre- 
pared by allowing wheat 8-amylase to act on soluble starch until no fur- 
ther detectable change occurs, and then precipitating and drying the 
dextrin), there is an immediate small increase in turbidity (Table I), 
followed by a slow decrease. The turbidity is due entirely to an ex- 
tremely small amount of an insoluble highly flocculent precipitate, since 
the supernatant from a centrifuged digest showed no turbidity whatso- 
ever, being identical with the blank solution. 
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Digestion with B-Amylase—-In the presence of B-amylase, the turbidity 
of a soluble starch solution decreases smoothly until about 67 per cent of 
the original turbidity is reached, after which there is no apparent change 
in turbidity (Fig. 3). No floeculent precipitate appeared, as in the case 
of a-amylase above. Increasing the B-amylase concentration did not 
change the minimum turbidity value. 

Addition of B-amylase to a-amylase does not greatly affect the time or 
value of minimum turbidity, although there apparently may be slight 
retardation of the rate of decrease in turbidity. After the point of mini- 
mum turbidity is reached with a-amylase, the action of added B-amylase 
resembles the effect of adding more a-amylase; 7.e., the time required to 
reach maximum turbidity is decreased and the turbidity value at this 


20 

6 MALT a, 1.6U 
3 
5 a) NO MALTOSE 
7) 
ac 
_-MACERANS, |.6U 
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30 40 50 60 
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Fig. 4 Fie. 5 
Fig. 4. Action of purified B. macerans amylase (1.6 units) on the turbidity of 
freshly prepared starch solution compared with malt a-amylase. 
Fic. 5. Comparison of the turbidity changes in an aged starch solution as affected 
by purified B. macerans amylase (@) at two different concentrations as compared 
with crude enzyme (QO) (2.1 units) with and without added maltose. 


point is somewhat increased. The usual flocculent precipitate observed 
above with a-amylase also settled out after a while. 

Digestion with B. macerans Amylase—The turbidity changes in a fresh 
starch solution to which purified B. macerans amylase was added are shown 
in Fig. 4. The effect of a solution of a-amylase at exactly the same ap- 
parent enzyme concentration is shown for comparison. As can be seen, 
the rate of decrease of the turbidity, unit for unit, is much slower in the 
presence of the B. macerans enzyme compared with malt a-amylase. 
Furthermore, with the purified enzyme, at least, there is no subsequent 
immediate increase in turbidity, which decreases to a constant value at 
about 40 per cent of the initial turbidity. Upon prolonged digestion, there 
is a slight gradual increase in turbidity, although very little visible pre- 
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cipitate usually appeared in the digest. The same was true when an aged 
starch solution was used. As Fig. 5 shows, increasing the concentration 
increased the rate and extent of turbidity decrease, and also magnified, to 
a slight extent, the apparent tendency for the digest to increase subse- 
quently in turbidity. In contrast, the use of “crude” preparations of B. 
macerans enzyme shows an almost identical turbidity pattern with that of 
malt a-amylase. ‘The main difference was that, unit for unit, the B. 
macerans enzyme went through the characteristic changes at a much 
slower rate. Addition of maltose to the crude B. macerans enhanced the 
rate of increase of turbidity, but not the final value obtained (see Fig. 5). 
As with a-amylase, a flocculent precipitate eventually settled out of 
solution. 


DISCUSSION 


It, would seem that each enzyme investigated presents a typical change 
in turbidity pattern. Thus a-amylase goes through a fast decrease, a fast 
increase, and finally a slow decrease in turbidity. §6-Amylase will cause a 
decrease to about two-thirds of the original turbidity, independent, of 
concentration, whereas purified B. macerans amylase will cause a de- 
crease to about 40 per cent’ of the original value, depending upon the 
enzyme concentration. ‘The pattern obtained by a given enzyme prepara- 
tion might be of value in detecting the presence of other amylolytic en- 
zymes. Thus an a-amylase pattern in an apparently enzymically pure 
B-amylase preparation would show up fairly small amounts of the a- 
enzyme. Again, the a pattern occurs strongly in crude B. macerans 
amylase, but only weakly or not at all in purified preparations. 

One may postulate three possible mechanisms to account for the ob- 
served results. a-Amylase may possess a synthetic action, building up 
insoluble polysaccharide from the oligosaccharide formed by hydrolysis. 
Secondly, there may be present in solution an enzyme-resistant ‘‘pre- 
formed”’ colloid, which is maintained in suspension by the amylopectin 
(supporting colloid), as suggested by Hanes (7). The preformed colloid 
may be incompletely dispersed starch (8) or a complex of amylose with 
fatty acid (9), fiber, or protein. Thirdly, the destruction of enough 
amylopectin to render it incapable of acting as a “supporting colloid” 
may cause retrogradation of some of the incompletely hydrolyzed amylose. 

Although the data presented here are not extensive enough to permit 
assigning the proper importance of these three mechanisms, it does not 
seem that the data support the possibility of synthetic act’on. Thus the 
aging of a starch solution would hardly increase its susceptibility to en- 
zymic synthesis. Furthermore, the minimum turbidity occurs when only 
about 0.5 to 2.0 per cent of the total glycosidic bonds is hydrolyzed. 
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If the reappearance of turbidity were due solely to the precipitation of 
preformed colloid, one would assume that (a) there would not be much 
of a decrease in initial turbidity and (b) the “yield”? of maximum tur- 
bidity should be strictly proportional to the initial concentration of the 
starch. The data obtained do not fit rigorously these requirements. 
Hence the third mechanism may be at least partially responsible for the 
turbidity pattern of a-amylase. The fact that only a small amount of 
the amylose has escaped hydrolysis is in accord with the observation that 
amylose is hydrolyzed at a maximum rate about double that of amylopec- 
tin (10), and that maximum rate of retrogradation occurs at an optimum 
(not at the longest) chain length (11). 

Since B-amylase does not destroy the colloidal character of starch solu- 
tions (digesting the amylose completely, but leaving the amylopectin as 
B-limit dextrin, a residue of large molecular weight), no inerease in tur- 
bidity occurs during the course of digestion. The addition of B-amylase 
to the a enzyme does not speed up the loss of turbidity, and may even 
lower it to some extent. This indicates that the 6 enzyme (since it is an 
“end-group’’ enzyme and the number of end-groups in amylopectin is 
much greater than in amylose) would delay to a certain extent the ex- 
tensive a-amylolytic depolymerization of the amylopectin fraction. The 
results with the 6-limit dextrin can best be explained by assuming that it 
contains a trace of amylose. Upon adding a-amylase, the hydrolysis of a 
few bonds in the 8-limit dextrin would cause the latter to lose its colloidal 
character, and the trace of amylose would then retrograde from solution. 

The absorption spectrum of the dextrin responsible for the turbidity 
indicates that some non-amylose material is assoc’ated with it. This may 
be due to the “aggregation of amylopectin” which occurs in the staling of 
bread and starch pastes, as discussed by Schoch and French (12). Un- 
doubtedly the process of retrogradation drags down some of this aggre- 
gated amylopectin. 

The effect of maltose on the crude B. macerans amylase is in accord with 
the ability of this sugar to undergo transglycosidation when added to a 
mixture of dextrins containing the B. macerans amylase (4, 13). 


SUMMARY 


The turbidity changes which occur when a starch solution is digested 
by amylolytic enzymes have been investigated. It was found that a- 
amylase, 8-amylase, and B. macerans amylase each give a typical tur- 
bidity pattern. Some of the more pertinent factors affecting these pat- 
terns were also investigated. A tentative explanation for the appearance 
of turbidity maxima and minima with crystalline a-amylase, though not 
with 8-amylase or purified B. macerans amylase, is advanced. It is based 
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partly upon the formation of a small amount of retrograded amylose after 
the partial disappearance of amylopectin fractions of high molecular 
weight. 
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THE INHIBITION OF TESTICULAR HYALURONIDASE BY 
HEAVY METALS* 


By KARL MEYER anp MAURICE M. RAPPORT 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Edward Daniels Faulkner Arthritis Clinic, 
Presbyterian Hospital, New York, New York) 


(Received for publication, September 23, 1950) 


The literature on inhibitors of hyaluronidase is both voluminous and 
contradictory. ‘The contradictions are caused by the differences in meth- 
ods used, by the differences in enzyme purity, and to a very high degree 
by the differences in the purity of the substrates used. The latter are 
often contaminated with protein, with glycogen, and with mucopoly- 
saccharides other than hyaluronic acid, especially when umbilical cord is 
the source (1). One factor which affects enzyme activity appears to be 
contamination with heavy metals, especially Ket ++ and Cut. These 
metals have a high affinity for some group or groups in the enzyme, causing 
a reversible inactivation. ‘The most effective reversing agent when lett 
is the inactivating metal is pyrophosphate; with Cul’, cysteine appears to 
be best. 


EXPERIMENTAL 


In most. experiments hyaluronidase activity was measured turbidimet- 
rically (1, 2). Some of the data were checked by viscosimetric and re- 
ductimetric assays (1, 3). 

The enzymes used in the majority of the experiments were prepared by 
a modification of the method of Morgan and McClean (4). All steps in 
the purification were carried out at about 0°. The fractionation was 
carried out by carefully varying the pH in the presence of excess lead 
acetate. The precipitates were dissolved in cold dilute acetic acid and 
dialyzed first against 0.05 m acetic acid, then against frequent changes of 
distilled water at 0°. If after 3 days of dialysis the reaction for lead was 
still positive, a dilute solution of NaS was added and the pH adjusted 
until the PbS flocculated and could be removed by centrifugation. The 
solution was again dialyzed and finally dried from the frozen state. 


* Supported by a grant from the Helen Hay Whitney Foundation and the Josiah 
Macy, Jr., Foundation. This work was reported in part at the Thirty-second an- 
nual meéting of the Federation of American Societies for Experimental Biology, 
Atlantic City, March, 1948, and the Conference on the Ground Substance of 
the Mesenchyme and Hyaluronidase, New York Academy of Sciences, New York. 
December, 1948. | 
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In «a number of experiments, enzymes obtained from Dr. Joseph Seifter 
(Wyeth Institute) and from Dr. Monroe E. Freeman (Army Medical 
Department) were used. 

The hyaluronate used in most of the experiments was obtained from a 
tumor fluid (5). Other samples were derived from human umbilical cord, 
cattle synovial fluid, and vitreous humor. As is customary in this labora- 
tory, all preparations were analyzed for nitrogen, hexosamine, uronic 
acid, and sulfate (2). The analytical data are presented in Table I. 

All reagents were dissolved in 0.1 m acetate buffer containing 0.15 mu 
NaCl, the final pH being 5.9. Studies on inhibition were carried out at a 
concentration of agent not greater than 10-* m, since we believe that non- 
specific effects, such as protein denaturation, may be encountered at 
higher concentrations. 

Experiments were performed in two ways. In one, the enzyme and 
heavy metal were incubated at 37° for 10 minutes and then substrate and 
complex former (when used) were added. In the other there was no 


TABLE I 
Analyses of Sodium Hyaluronate Preparations Employed As Substrates 

Source Nitrogen Hexosamine Uronic acid Sulfate 

sees per cent per cent per cent per cent 
2.79 34.9 39.5 <0.4 
Umbilical cord................. 3.33 38.5 44.2 2.3 
Synovial fluid................. 3.24 42.5 41.0 0.7 
Vitreous humor................. 3.02 39.3 42.6 1.4 


incubation period. With complex formers, the latter type of experiments 
are termed “prevention,” the former type “reversal.”” In all experiments, 
controls of the metal or the complex former or both with the substrate 
were included, In the concentration used the metals and complex formers 
did not influence the turbidities of the substrates. At the end of this 
period the substrate solution was added and enzyme activity determined. 


Results 


The inhibition of hyaluronidase by increasing concentrations of ferric 
chloride is shown with and without incubation in Fig. 1. 

It can be seen that 3 X 10-4 m Fe+*++ almost completely inhibits the 
enzyme and the effect of the incubation period is negligible. With the 
incubation period, the mean inhibition with different substrates and en- 
zymes in seven sets of experiments with 5 X 10-5 m Fet*t was 67 per 
cent, with a minimum of 53 and a maximum of 78 per cent. When the 
incubation period was omitted, the mean inhibition in three different 
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. experiments was 66 per cent. The reaction of the enzyme with Fet*t 
| thus appears to be very fast. 

Bivalent iron as FeSO,(N H,4)2SO,4 or as FeSO, at 5 & 107° Mm inhibited 
the enzyme only about 30 per cent. 

Next to Fet*+* the most effective metal inhibitor is Cut*. It can be 
seen from Fig. 1 that the inhibition by CuSQ, is less than that caused by 
Fet++ and that the effect of incubation with this metal is marked. In other 
experiments (with incubation) 5 X 10~* m CuSO, in four experiments with 


100 
90 


80 F- 


PER CENT INHIBITION OF HYALURONIDASE 
oO 


40 
30 
20 
1O 
G 5 4 4 
~LOG MOLAR CONCENTRATION OF INHIBITOR 


Kia, 1. Per cent inhibition of testicular hyaluronidase plotted as a function of 

Fet*++ and Cut* concentration, Solid line, Fet**, @ with incubation, O without 
incubation; dotted line, Cutt, & with incubation, A without incubation, 
, different substrates and enzymes gave a mean inhibition of 51 per cent 
(minimum 40, maximum 64), compared with 67 per cent for FeCl;. At 
higher concentrations (with incubation), the greater inhibitory effect of 
Fet++ as compared to Cut+ is even more pronounced. 5 X 10-4 Mm Cutt 
_ gave inhibitions of 62 and 66 per cent, while with 3 X 10-4 m Fet** under 
identical conditions the inhibition was over 95 per cent. 

Among other metal salts tested only Zn** (as acetate) showed a definite 
inhibitory action; 7.e., at 5 X 10-4 m, 32 and 29 per cent inhibition. At 


ao 


g 


) ‘ 
/ 
/ / 
/ 
/ / 
/ / 
/ 


488 TESTICULAR HYALURONIDASE 


this concentration the following metal salts were inactive: cadmium (ous) 
acetate, nickel(ous) chloride, cobalt(ous) chloride, manganese(ous) chlo- 
ride, lead acetate, aluminum chloride, and mercuric acetate. The in- 
effectiveness of Hgt* is in accord with the finding that 1 X 10-3 M p- 
chloromercuribenzoic acid has no inhibitory action on either testicular or 
bacterial (pneumococcus) hyaluronidase when studied under these con- 
ditions. 


TABLE II 


Prevention and Reversal of Fe***+ and Cutt (6 X 10-5 m) Inhibition by Complez 
Formers (1 X 1073 m) 


- Per cent inhibition (or activa- 
| tion (+)) 


Complex former Metal salt Incubation kuen 
complex | former 

Pyrophosphate................ * + 63 32 (+) 

FeCl; + 73 37 
CuSO, +- 64 42 
CuSO, 54 43 


The prevention and reversal of the Fet!? and Cutt inhibitions 
(5 &* 10°58 m) were studied with the following metal-binding agents 
(1 * mM): potassium cyanide, sodium pyrophosphate, cysteine hydro- 
chloride, glutathione, oxine, sodium ethylene diamine tetraacetate (‘ver- 
sene’’), and dithione. 

The variation in results in these experiments was considerable, de- 
pending on both the substrates and enzymes used. Table II summarizes 
the results. 

It can be seen that with Fet++* as the inhibitor pyrophosphate not only 
reversed the reaction, but actually appeared to activate the enzyme. 
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With Cu* inhibition, cysteine and glutathione completely prevented and 
reversed the reaction. It appears noteworthy that powerful chelating 
agents such as oxine, versene, and dithione only incompletely prevent or 
reverse the metal inactivation. 


DISCUSSION 


The inhibition or inactivation of hyaluronidase by a variety of agents 
has been reported. Competitive inhibition was thought to be the basis of 
the effect of heparin (6, 1) and other sulfated mucopolysaccharides (1) and 
derivatives of hyaluronic acid (7). The mechanism of the most widely 
publicized inhibition of the enzyme, that caused by serum, is completely 
unknown. 

The data presented in this study indicate that hyaluronidase reversibly 
combines with Fet**, Fet*, Cut+, and Znt*. The affinity of the group 
or groups of the enzyme for the heavy metal must be quite great, since 
chelating agents such as oxine and versene are rather poor competitors of 
the enzyme for the metal. Since p-chloromercuribenzoic acid fails to 
inactivate the enzyme, other reports to’ the contrary (8, 9), SH groups are 
not essential for the activity and hence the group combining with the 
metal cannot be a sulfhydryl group. 

Inactivation of hyaluronidase by Fet+*+ and Cut* may be one of the 
reasons for the variability in activity encountered with the enzyme. 
Addition of pyrophosphate and especially of cysteine at a concentration 
of 1 X 10-* m to the enzyme-substrate system gives enzyme activities 30 
to 60 per cent higher than without the addition. This activation depends 
mostly on the substrates. The metal impurity of the latter appears to be 
Cut*+, which has been shown to be present in tumor hyaluronate in rather 
high concentration by Pirie (10). 

The increase in enzyme activity on addition of cysteine and other 
compounds raises the question of whether the addition of such compounds 
to the enzyme-substrate system should not be adopted for hyaluronidase 
determinations. Cysteine or other SH compounds would not appear to be 
substances of choice, since such autoxidizable reducing agents interfere in 
the reductimetric method. However, for any proposed standard method, 
there will be need for an activating and stabilizing agent. 


The authors wish to express their appreciation to Miss 'Toby G. Bern- 
stern and Miss Lucy F. Siegel for valuable assistance, 


SUMMARY 


, Ferric, cupric, ferrous, and zinc salts were found to inhibit testicular 
: hyaluronidase, this property decreasing in the order mentioned. Other 
4 metals including cadmium, lead, and mercury were found inactive. The 
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inhibition could be prevented or reversed by a number of metal complex 
formers. When Fet** was used as the metal inhibitor, pyrophosphate 
was found the most potent reversing agent, while with Cutt cysteine was 
most active. Potent chelating agents such as oxine, ethylenediamine- 
tetraacetic acid, and dithione were rather poor competitors with the 
enzyme for the metal. The group or groups in the enzyme binding the 
metal are not known; SH groups appear to be excluded by the failure of 
p-chloromercuribenzoic acid to inhibit the enzyme. 
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A STUDY OF CARBON DIOXIDE FIXATION INTO GLYCOGEN 
BY MAMMALIAN SKELETAL MUSCLE* 


By NATHAN LIFSON, VICTOR LORBER,t AKIRA OMACHI,t 
H. MEAD CAVERT, ann JOHN A. JOHNSON 


(From the Department of Physiology, University of Minnesota Medical 
School, Minneapolis, Minnesota) 


(Received for publication, October 16, 1950) 


After the administration of NaHC*Q; to the intact animal, labeled 
carbon has been found in the glycogen of skeletal muscle (1, 2). The 
explanation of this result may be (a) that all the reactions in the pathway 
from carbon dioxide to glycogen take place in skeletal muscle itself, as 
has been found to occur in cardiac muscle (3). On the other hand, it is 
also possible (b) that the muscle cannot carry out one or more of the essen- 
tial reactions involved in the introduction of CO: carbon into glycogen, 
but that this tissue merely completes a sequence of reactions to which 
other tissues must contribute. For example, skeletal muscle may not 
carboxylate pyruvate to oxalacetate (4, 5), a reaction considered as prob- 
ably necessary for bringing CO, carbon into the pyruvate-glycogen pre- 
cursor pool.! If, for this or some other reason, CO: fixation into glycogen 
does not occur completely within the muscle itself, a plausible interpreta- 
tion of the finding of fixed CO, in muscle glycogen in the intact animal is 
that CO» is incorporated into liver glycogen and that blood sugar derived 
from such glycogen is secondarily deposited in skeletal muscle. The 
purpose of the present investigation was to attempt to evaluate the extent 
to which the general alternative (a) may have been operating. 

The possible occurrence of CQO, fixation into skeletal muscle glycogen 
was studied with the aid of heavy carbon (either as bicarbonate or CO;) 
in three types of preparations: the intact rat, the eviscerated rat, and the 
isolated perfused dog gastrocnemius. Both unstimulated and stimulated 
muscles were studied. In the former, a net increase in glycogen was 
produced by the administration of glucose and insulin. 


* Aided by grants from the Graduate School and the Rockefeller Isotopes Fund 
of the University of Minnesota, and the John and Mary R. Markle Foundation. 

t Present address, Department of Biochemistry, School of Medicine, Western 
Reserve University, Cleveland. 

{ Present address, Department of Physiology, Loyola University School of Medi- 
cine, Chicago. 

'However, since preparation of this manuscript, it has been reported by Crane 
and Ball (15) that rat diaphragm incubated with C™O, and pyruvate exhibits a 
high rate of CO, fixation into pyruvate. 
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Methods 


Experiments on Intact Rats—To two normal rats fasted for 24 hours were 
administered (a) glucose in 50 per cent solution by stomach tube, (b) 
NaHCO; intraperitoneally at 30 minute intervals, and (c) insulin (Lilly) 
subcutaneously. In the case of the animal for which results are reported 
(Table I, Rat M53) the dosage of glucose was 1.35 gm., that of bicarbonate 
1.43 ml. of 0.35 m solution (9.4 atom per cent excess) per injection, and 
that of insulin 8 units. The animal weighed 100 gm. Respiratory carbon 
dioxide was collected in a metabolism chamber as previously described (6). 
3% hours after the initial injections, under intraperitoneal amytal anes- 
thesia, the liver was removed and plunged into hot 30 per cent KOH. 
After the thoracic and remaining abdominal viscera were removed, the 
fore and hind paws and the head were severed. The skin was cut away 
from the rest of the carcass and the latter plunged into hot 30 per cent 
KOH. 

Five non-fasted rats, weighing from 235 to 285 gm., to which NaHCO, 
was administered intraperitoneally (1.25 ml. of 0.35 mM solution every 30 
minutes), were employed for stimulation studies. Stimulation was carried 
out essentially according to the method of Long et al. (7). The rat was 
placed under ether anesthesia, and flat brass electrodes about 1 cm. in 
diameter were inserted under the skin, one at the back of the neck and 
the other over the lumbosacral region. After apparent recovery from 
the anesthesia, stimuli (make plus break) were delivered from a Harvard 
inductorium at the rate of thirty-eight per minute. The strength of the 
stimuli was such as to cause strong contractions of the musculature of the 
animal. At the end of the stimulation period (80 to 70 minutes), liver 
and carcass glycogen were recovered as described above. A cardiac blood 
sample was obtained for isotopic determination of the body fluid CO, 
since no respiratory COz was collected from these animals. 

Experiments on Eviscerated Rats—The net deposition type of experiment 
was performed on two rats eviscerated by the method of Reinecke (8). 
They received NaHC"O;, glucose, and insulin parenterally. In the case 
of the animal for which results are reported (Table I, Rat M47), a total of 
3 gm. of glucose, 3.5 mm of NaHC"Q;, and 16 units of insulin was ad- 
ministered over a 34 hour period. The animal weighed 200 gm. A can- 
nula inserted in the external jugular vein at the time of evisceration was 
connected by means of tubing to a syringe outside a metabolism chamber. 
This arrangement permitted a relatively uniform rate of injection as well 
as collection of respiratory carbon dioxide. Ether anesthesia was em- 
ployed for the operative procedures only. 

Experiments on Perfused Dog Gastrocnemius—Dogs fasted for approxi- 
mately 24 hours were etherized and the gastrocnemius isolated and prepared 
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for perfusion as described elsewhere.? The perfusion fluid was heparinized 
blood taken from the same dog which contributed the muscle. By means 
of a closed pump-oxygenator circuit, the blood was supplied to the organ 
at physiological temperatures and pressures. The ether employed for 
anesthesia during dissection was removed from the preparation by aeration 
of the blood with the oxygenator open to the air, after which the system 
was closed and CO, enriched with C™ was added to the gas phase to give a 
concentration of about 5 volumes per cent. In addition, NaHCO; was 
injected into the blood. In the deposition type of experiment, 3 units of 
insulin and sufficient glucose to raise the blood level to above 500 mg. 
per 100 ml. were' also administered. In the stimulation type of experi- 
ment, maximal stimuli at the rate of 1 per second were delivered via the 
sciatic nerve (Electrodyne stimulator). At the ehd of a perfusion period 
of 2 to 4 hours duration, the muscle was removed from the perfusion 
apparatus and digested in hot 30 per cent KOH. At least four experiments 
of each kind were performed. 

Two additional experiments* were performed on unstimulated muscles 
in which only sufficient glucose was added to maintain moderately ele- 
vated blood sugar levels (112 to 215 mg. per 100 ml.). In only one of 
these was the glycogen content of the perfused organ increased signifi- 
cantly over the control value. Blood lactate was recovered and degraded 
for isotopic analysis. 

With an occasional exception, increases in muscle weight occurred dur- 
ing both the dissection and the perfusion, as judged by comparison with 
the weight of the symmetrical muscle of the other side. The onset of the 
increase in weight during perfusion was approximately signaled by a 
decrease in volume of the blood in the venous reservoir. This usually 
took place toward the end of the experiment and a continued decrease in 
reservoir volume was frequently the chief criterion for terminating the per- 
fusion. 

Control observations were performed to allow evaluation of the net 
change in quantity of muscle glycogen. In the gastrocnemius experiments 
the amount of glycogen in the unperfused symmetrical muscle was taken 
as the initial glycogen level of the perfused muscle. Justification for this 
supposition was obtained by a comparison in four dogs of the glycogen 
content of muscles prepared as for perfusion with that of the corresponding 
symmetrical muscles. In the experiments with rats, the controls consisted 
of animals treated like the experimental ones up to the point at which 
isotopic material would have been administered, at which time they were 
sacrificed instead. 

Chemical Methods—Glycogen was determined by the method of Good, 


?Omachi, A., and Lifson, N., in preparation. 
* Nembutal anesthesia was employed in these experiments. 
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Kramer, and Somogyi (9) on aliquots of the alkaline digest, and the re- 
ducing power was measured by the method of Folin and Malmros (10), 
For isotopic analysis the glycogen isolation procedure of Stetten and 
Boxer (11) was followed on the bulk of the alkaline digest. Total carbon 
was analyzed by the method of Van Slyke and Folch (12). 

Glucose obtained from glycogen by acid hydrolysis was degraded by the 
bacterial method (6) to obtain the carbons of glucose in three fractions con- 
taining respectively carbon atoms 3 and 4, 2 and 5, and 1 and 6, or the 
acetaldehyde was oxidized with persulfate (13) to give a fraction represent- 
ing carbon atoms 1, 2, 5, and 6. 

For lactate recovery, the blood was added to 1.5 volumes of n/3 H;SO, 
and extracted with ether. After the addition of a few ml. of water to the 
extract, the ether was removed by evaporation. The aqueous solution 
was filtered, acidified, and distilled with steam. The lactate in the residue 
was degraded for separate isotopic analyses of the carboxyl carbon and 
the a- plus B-carbon (6). 

Analysis for heavy carbon was accomplished by means of the mass 
spectrometer. The values are expressed as atom per cent excess C. The 
error of the spectrometer readings may be taken to be +0.01 atom per 
cent excess, a concentration of 0.02 atom per cent excess being considered 
significant. 


Resulis 


The results of the experiments on rats are summarized in Table I. 
Table II contains the data from the experiments with the perfused dog 
gastrocnemius. Data are presented from only one experiment of each 
kind performed. 

Experiments with Unstimulated Muscles—In the normal fasted rat re- 
ceiving NaHCQ; plus glucose and insulin, isotopic glycogen was deposited. 
Degradation (Table I, Rat M53) revealed the isotope to be located ex- 
clusively in carbons 3 and 4 of the glycogen hexose units, the same positions 
as for CO, fixation in liver glycogen (6, 14). Moreover, the C® concen- 
tration in carbons 3,4 of the-liver glycogen (0.09) is approximately twice 
that in carbons 3,4 of the muscle glycogen (0.05). Hence, both the dis- 
tribution of isotope in the muscle glycogen and the relationship between 
the isotope concentrations in the muscle and liver glycogen suggest that 
labeled blood sugar derived from liver glycogen was deposited in muscle 
and there diluted by the preexisting muscle glycogen. Further support 
for this inference is obtained from the corresponding experiments on the 
eviscerated animal (Table I, Rat M47) and on the isolated perfused dog 
gastrocnemius (Table II, Dogs 6 and 18), in which, in contrast to the 
findings in the intact animal, no significant amounts of labeled carbon were 
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detected in the muscle glycogen despite the apparent deposition of con- 
siderable amounts of the latter. 

The interpretation of these observations is conditioned by the detectable 
isotopic dilutions. The C™ level in the blood bicarbonate in the perfusion 
experiments was of the order of 4 to 5 atom per cent excess, and it is ex- 
tremely unlikely that the intracellular C"O. was very much below this 


TABLE II 
Results of Experiments on Isolated Perfused Dog Gastrocnemius 
C values are in atom per cent excess. 


po Muscle glycogen * 
; Perfused Total C!8 of perfused | > 

3 

S173 3 3 | change 3 3,4| 2, | 

gm.|gm.| gm.|mg.| meg. mg. 

6 Unstimu- 7 .41-7.42) 66) 89/131] 391,+260 3.86 
lated (glu- | 
+ in- | 

sulin) | 

72 Unstimu- _7.43-7.20| 78} 81) 83/656] 676, +100 |0.00 3.92 
lated (mod- 
erate glu- | 
cose + in- | 
sulin) | 

19 Stimulated 7.31-7.38| 64) 72) 74/244) 172;,-72 «5.16 

10-13 | 4controlst | +12f 

| | (—28 | 
| | | to | 


* The values are for the CO: of the gas phase. In a few instances blood inorganic 
CO, was determined and found to agree well with measurements on the gas phase 
CO:. 
t+ Animals in which the glycogen content of muscles, prepared as though for per- 
fusion, was compared with that of the symmetrical muscles of the other leg. 

t The mean value, range in parentheses. 


level. Since a value of 0.02 atom per cent excess can be detected, signifi- 
cant amounts of C® would have been found in the muscle glycogen or any 
given degradation fraction if only 1 carbon atom in about 200 to 250 had 
been derived from the CO, pool of the muscle. The tolerable dilution 
was only about 1:40 in the experiments on the eviscerated rat. 
Experiments with Stimulated Muscles—Non-fasted rats were employed 
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in the stimulation experiments. It was anticipated that the dilution of 
newly synthesized isotopic glycogen by preformed glycogen might be 
greater in the glycogen-1:ch liver than in the muscles. Possibly the iso- 
tope concentration in muscle glycogen would then be higher than that of 
liver glycogen at the termination of the experiment, and hence indicate 
primary synthesis of labeled glycogen in muscle. As will be noted in 
Table I (Rat M89), this anticipation was not realized. Actually in the 
stimulation type of experiment with the intact, non-fasted rat, no sig- 
nificant concentrations of C™ were present either in liver or in muscle 
glycogen. Analogous experiments on the eviscerated preparations were, 
therefore, presumed to be superfluous. In these rat experiments, the 
isotope concentration in the blood inorganic carbon (0.22 atom per cent 
excess for Rat M89) and the tolerable dilution were low. In the stimula- 
tion experiments on the perfused dog gastrocnemius, however, respira- 
tory CO. values of about 5 atom per cent excess were maintained. Yet 
the glycogen isolated from these did not contain significant amounts of 
in agreement with the corresponding rat experiments. 


| 


DISCUSSION 


The more aerobic the metabolism, the more favorable might the cir- 
cumstances be regarded for detecting glycogen resynthesis and hence CO, 
2 fixation into glycogen. In this connection an attempt was made to evalu- 
ate roughly the degree to which aerobic conditions prevailed during stimu- 
lation experiments in the rat. Lactate levels determined on the blood 
from the tail of three rats which were treated as in the stimulation 
6 experiments gave indications that these contractions were not completely 
aerobic. The blood lactate concentrations more than doubjed shortly 
after the onset of stimulation and remained high with continua tion of the 
exercise, despite probable removal by other organs, particularly the liver. 
: So far as the stimulation type of perfusion experiments is concerned, in 
c the case of Dog 19, included in Table II, the prestimulation level of blood 
e lactate was 132 mg. per 100 ml., a relatively high value. At the end of 50 
minutes of stimulation it had increased to 150 mg. per 100 ml. The value 
after 45 minutes of additional stimulation was 146 mg. per 100 ml. Thus, 
so far as can be judged from blood lactate levels, metabolism had been 
sufficiently aerobic in this latter period to permit a balance between the 
y rate of lactate formation and utilization in the muscle. 


y The importance of the dilution factor in the interpretation of the results 
d is emphasized by the following considerations. 
n In the two experiments with unstimulated muscles in which blood lac- 


tate was recovered and degraded, significant but small amounts of labeled 
d carbon (0.09 and 0.06 atom per cent excess) were found only in the frac- 


rs 
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tion corresponding to the carboxyl group. This is the position anticipated 
from the following reversible reaction sequence: 


+00: 
Lactate pyruvate —— oxalacetate symmetrical C, acid 
—COsz 


That muscle rather than blood has been responsible for the apparent 
fixation of CO, into blood lactate is indicated by the fact that, when a 
rubber tube was substituted for the gastrocnemius in the perfusion system, 
the carboxyl group fraction of the recovered lactate was isotope-free. In 
analogous experiments with moderate blood glucose levels in which the 
conversion of isotopic lactate to glycogen was studied,‘ the concentration 
of C® in the glycogen was of the order of 2 to 3 per cent of that of the 
blood lactate. On the assumption that blood lactate is representative of 
the 3-carbon fragment glycogen precursor pool, a dilution factor of at 
least 1/100 may be assigned to the step from CO, to lactate (whole mole- 
cule) and a factor of about 1/30 from lactate to glycogen. The over-all 
dilution factor for CO, fixation into glycogen becomes 1/3000, too great to 
permit positive results in the present experiments. 

If it can be assumed that the metabolic capabilities of the muscle thus 
perfused have not been seriously impaired, the results of these experiments 
support the conclusion that either skeletal muscle has only limited ability 
to fix carbon dioxide into glycogen, or the participation of some other por- 
tion of the body is necessary for this ability to manifest itself fully. In 
this respect, skeletal muscle appears to be quantitatively dissimilar to 
cardiac muscle, in which under analogous conditions CO, fixation into 
glycogen was readily demonstrable (3), although a species difference (dog 
versus cat) has not been excluded as the explanation for this contrast in 
metabolic behavior between the two types of muscle. In any event, the 
data thus far available support the view that CO, fixation into the skeletal 
muscle glycogen of the fasted intact rat is mainly the result of secondary 
deposition in muscle of labeled blood glucose supplied by some other organ, 
presumably the liver. This interpretation would include the possibility 
that such labeled blood glucose is in part formed from labeled lactate sup- 
plied by muscle, where primary fixation into this glycogen precursor has 
occurred. 


SUMMARY 


Carbon dioxide fixation into muscle glycogen was studied with the aid 
of C8 in the intact rat, the eviscerated rat, and the isolated perfused dog 
gastrocnemius. 


4 Unpublished results. 


id 


LIFSON, LORBER, OMACHI, CAVERT, AND JOHNSON 499 


The labeled carbon found in skeletal muscle glycogen after the adminis- 
tration of isotopic inorganic carbon to the intact rat has the same qualita- 
tive distribution in the hexose units as does liver glycogen. 

In the eviscerated rat and in the isolated perfused dog gastrocnemius, 
significant amounts of labeled carbon were not found in the muscle gly- 
cogen. ‘This was true both for a net deposition of glycogen in unstimu- 
lated muscle and during repetitive contraction. 

The finding of a small but significant excess of isotope in the degrada- 
tion fraction corresponding to the carboxyl group of the lactate recovered 
from the blood in two of the perfusion experiments indicates that skeletal 
muscle can fix COs into glycogen precursors. 

Data are given which suggest that the failure to demonstrate the trans- 
fer of isotopic carbon from CO, to glycogen is due to the tolerable isotopic 
dilution (about 1:200 in the perfusion experiments). 

The fixation of carbon dioxide into the skeletal muscle glycogen of the 
intact fasted animal appears to be best explained at present as mainly due 
to secondary deposition in the muscle of labeled blood glucose supplied 
primarily by the liver. 


The authors are indebted to Mrs. Ruth Boe for performance of the iso- 
topic analyses under the supervision of Dr. A. O. Nier. Mrs. Dorothy 
Whitcomb and Miss Joyce Stolen rendered valuable technical assistance 
in connection with the perfusion studies. 
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(Received for publication, February 4, 1950) 


The small amount of carbohydrate available in our recent studies (1) 
of pentose formation from 6-phosphogluconic aeid has led us to examine 
microbiological analytical tools. In earlier studies on uronic acid metabo- 
lism in an Escherichia coli strain (2), it had become clear that the adaptive 
synthesis of new enzyme systems in response to the presence of specific 
substrates is extraordinarily specific. Cells adapted to uronic acids were 
incapable of fermenting p-ribose, p-arabinose, or p-xylose. Celis adapted 
to any one of these pentoses were incapable of fermenting the other two. 

Furthermore, the adaptive method provided a true control for the micro- 
biological analysis of a mixture of sugars, since the strains examined are 
capable of using glucose and certain other sugars non-adaptively (¢.e. with 
constitutive enzymes), whereas the adapted strain can utilize these sub- 
strates plus the new substrate. Therefore, non-adapted cells could be 
used to exhaust the substrate of fermentable material, with the exception 
of the substance to be determined on addition of the adapted cells. Glu- 
conate, D-arabinose, and ribose were susceptible of analysis by this method 
with E. colt. 

Of additional interest is the analysis of the pathway of gluconate metab- 
olism provided by these studies. Since cells adapted to gluconate were 
unable to utilize 2-ketogluconate, D-arabinose, or D-arabonate, we may 
conclude as a function of the postulates of simultaneous adaptation (3) 


that these substances as such were not intermediates in the degradation 
of gluconate. 


Materials and Methods 


Compounds—Gluconate was obtained from Merck and Company as the 
monohydrate of the Ca salt. Ca was quantitatively removed by sodium 
oxalate. It was found to be free of substances fermentable by non-adapted 
bacteria. p-Arabinose was a Pfanstiehl product, and p-ribose came from 


*The work described in this paper was conducted in part under a grant-in-aid 
from the Commonwealth Fund, and in part under an Office of Naval Research Con- 
tract N6ori-188, Task Order 1, NR 135-055. 
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the preparations of the late Dr. P. A. Levene or from the Schwarz Labor- 
atories, Inc. These substances were apparently free of other sugars, as 
was determined on paper chromatograms in various solvent mixtures. 
Dr. Peter Regna of Charles Pfizer and Company generously gave us bru- 
cine 5-ketogluconate, Ca 2-ketogluconate, 3 H,O, and Ca p-arabonate. 
Ca 2-ketogluconate was also kindly given to us by Dr. Lockwood of the 
Regional Research Laboratory. Crystalline K ribonate was prepared by 
the hypoiodite oxidation of ribose (4). 

Isolation and Handling of Bacteria—Three E. coli strains were used. 
The first strain, strain B (2), became adapted to gluconate readily, but 
was unable to adapt for growth on either p-ribose or D-arabinose. The 
simple medium containing glucose and ammonium salts has been de- 
scribed (2). The inoculated culture was aerated at 37° and a glucose 
concentration of 1 gm. per liter limited growth in the exponential phase 
at 1.3 X 10° bacteria per ce. The turbidity of the cultures was measured 
in a Klett colorimeter with a No. 420 filter. The turbidity-viable count 
curve for this system is described elsewhere (5). 

Mutants utilizing p-arabinose and p-ribose, henceforth to be desig- 
nated as strains B, and B, respectively, were selected from the parent 
strain B by growth in the mineral medium containing D-ribose or pD-arabi- 
nose as the sole carbon sources. The cultures were plated on a solid 
medium containing 1.5 per cent agar in the synthetic medium, in which 
the pentose was the only available carbon source. Single colonies were 
selected and inoculated to agar slants. We have been unable to obtain 
mutants for D-ribonate, p-arabonate, or 2-ketogluconate by this method. 

Growth curves were determined turbidimetrically for the various iso- 
lated products in standardized Klett tubes in aerated media containing 
glucose, glucose plus the desired substrate, or the substrate alone. 
Whereas strain B showed only a short latent period on gluconate after 
overnight exhaustion of glucose, strains B, and B, had prolonged latent 
periods on transfer from exhausted glucose to the media containing pen- 
tose. Hence the demonstration that growth of these mutants on the 
pentoses was an adaptive process rather than a result of selection was 
furnished by an analysis of diauxic growth in glucose plus the pentose 
(6). The derived strain of B, and B, showing the shortest latent period 
and most rapid growth rate in the homologous pentose was chosen as the 
analytical tool. 

Manometry—Bacterial suspensions were collected during the exponential 
phase of growth, centrifuged, and washed twice with 0.85 per cent NaCl. 
They were suspended at about 5 X 10!° bacteria per cc. in the appropriate 
buffer. O. consumption in a phosphate buffer at pH 7.0 in air, or CO: 
production in a bicarbonate buffer at pH 7.0 saturated with 5 per cent 
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CO,-95 per cent N» at 38°, was tested in Warburg manometers on appro- 
priate substrates. 


EXPERIMENTAL 


Assimilation of Gluconate—To 2.5 ec. aliquots of the synthetic medium 
free of a carbon source and containing the salts at twice their usual con- 
centration were added gluconate in known or unknown amounts of meas- 
ured autoclaved aliquots and enough H,O to make a total volume of 5.0 
ec. The sterile Klett tubes were inoculated with 0.1 ec. of a 24 hour cul- 
ture of strain B maximally grown in medium containing gluconate at | mg. 
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Fic. 1. The bacterimetric estimation of gluconate 


per ce. Standard curves were set up in triplicate, in the range of 25 to 
500 y of gluconic acid per cc. Tubes were incubated for 18 hours at 37° 
in an upright position without aeration. The tubes were read in the 
Klett photoelectric colorimeter with a No. 420 filter, or their contents in 
a Beckman spectrophotometer at 2600 A. The ultraviolet absorption 
spectrum of strain B in these media has a pronounced nucleoprotein peak 
with a maximum at 2600 A (5). 

In Fig. 1 are presented the readings on these instruments of these cultures 
as a function of gluconate concentration. It may be seen that the curves 
are linear but not proportional to concentration in the range, 50 to 500 
y perce. The greater precision of the Beckman spectrophotometer and 
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the steeper character of the curve id itaiaviital absorption as a function of 
concentration make this 2 more sensitive instrument for estimations of 
ghiconate as a function of total bacterial growth. Under conditions of 
acration, the Nlett readings almost double and appreach proportionality 
to gluconate concentration. 

This assay has been used on occasions m the estimation of gluconate 
under conditions whereby no other carbohydrate source was available, as 
in the analysis of eluates of gluconate and 2-ketogluconate mixtures from 
anion exchange columns. These analvses have been tound to agree with 
estimations of gluconate bv the method of fermentative analysis deseribed 
below. 


1S \ A 
M4 | 
Gil CONATE« 
ARABONAT 


} 
/\e-KETOGLUCONATEY) 
Boi UCOSE CLUCONATE 


BSTRATES FOR Boi yCONATE 
nD 


40 
MINUTES 
Fic. 2. The oxidation of various substrates by gluconate-adapted and non-adapted 
E. coli. 


Adaptive Propertics of Strain b--That the adapted organism in the ana- 
Ivtical pair of adapted and non-adapted bacteria has synthesized only a 
limited set of specific enzymes and does not represent genetically altered 
cells, as in selected mutants,-may be demonstrated in three ways (2). 

We have shown by a turbidimetric analysis of the kineties of growth 
that the growth of our strains on the new substrates is adaptive. Growth 
of strain B at about 2.5 & 107 per ce. on glucose from an exhausted 24 
hour culture showed a very slight lag period and a mass doubling time of 
51 minutes (2). From the same culture to gluconate the lag was about 
40 minutes longer, followed by exponential growth with a mass doubling 
time of 58 minutes. 

Cultures of strain B grown in glucose or gluconate at 1 mg. per cc. were 
harvested at a turbidity of about 110 and sedimented. Washed cells were 
resuspended in 0.1 mM phosphate at pH 7.0. The specificities of the oxida- 
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tion of various substrates by these adapted and non-adapted organisms 
of E. coli are presented in Fig. 2. It may be seen that, after a 20 minute 
incubation of unadapted, washed strain B with gluconate, the cells can 
oxidize gluconate quite well, whereas adapted cells oxidize gluconate im- 
mediately. Neither organism oxidized p-arabonate or 2-ketogluconate. 
The adaptation to substrates in air in Warburg vessels has been noted 
by several workers. Previously, however, it had been observed in studies 
with strain K-12 on the uronates and the pentoses (2) that adaptation in 
the vessels did not occur anaerobically in bicarbonate buffers. This is 
true for these strains as well and neither strain B, B,, nor B, has been ob- 
served to adapt under these conditions. In Fig. 3 are presented the dats 
on the fermentative specificity of strain B adapted to gluconate. It ean 


GLUCOSE 
! GLUCONATE 
J 
5 
RIBOSE  RISONATE 2-KETOGLUCONATE 
ARABINOSE ARABONATE  5-KE TOGLUCONETE 


10 20 30 
MINUTES 


Fic. 3. The fermentation of various substrates by gluconate-adapted F. coli 


be seen that adapted cells produce acid from glucose and gluconate but 
not from p-ribose, D-arabinose, b-ribonate, D-arabonate, 2-ketogluconate, 
and 5-ketogluconate. Comparably prepared cells were used in the esti- 
mation of gluconate eluted from anion exchange columns in experiments 
on the degradation of 6-phosphogluconate (7). 

Adaptive Properties of Strains B, and B,—The most active isolated strain 
of B, showed typical diauxic growth (2, 6, 8) when grown on a mixture of 
glucose and p-arabinose. Its mass doubling times on these substrates 
were 60 and 120 minutes respectively. The shape of the growth curves 
demonstrated that the kinetics of growth on the mixture were not those of 
selection during growth and that the presence of glucose inhibited the 
formation of adaptive enzymes for arabinose. This strain was unable to 
grow on p-ribose. 

The same was noted for strain B,. In addition, however, strain B,, 
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selected on ribose from an organism incapable of using D-arabinose, 7.e, 
strain B, was capable of forming adaptive enzymes separately for ribose 
and arabinose, although the method of selection never involved exposure 
to arabinose. It would, therefore, appear that this mutation affected the 
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Fic. 4. The fermentation of various substrates by ribose-adapted and non-adap- 
ted strain B, of E. colt. The vessels contained the following substrates: Curve A 
800 y of glucose, Curve B 400 4 each of glucose and ribose, Curve C 400 y of p-arab- 
inose, and Curve D 400 y of ribose + strain B,-ribose at 20 minutes. Strain B,- 
glucose represents the unadapted strain B, grown on glucose; strain B,-ribose, 
strain B, adapted by diauxie growth in glucose-ribose mixtures. The vessels had 
two side arms, one of which contained 5 X 10° washed strain B,-glucose in 0.2 ce. 
of 0.01 Mm bicarbonate buffer; and the other, strain B,-ribose in 0.2 ec. of 0.01 m 
buffer. The center chamber contained the substrates in 2 ec. of 0.01 m bicarbonate 
buffer. The vessels were thlushed with 5 per cent CQ.-95 per cent Nz and incu- 
bated at 38°. | 


complex adaptive process rather than only the enzyme essential for ribose 
fermentation. 

In Figs. 4 and 5 is presented the fermentative behavior of adapted and 
non-adapted pairs of strains B, and B, respectively. It may be seen that 
an unadapted organism on incubation with a mixture of 400 y each of 
glucose and pentose will metabolize only the glucose (Curve B). On 
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addition of the adapted organism, only the homologous pentose was me- 
tabolized. Thus adapted strain B, will ferment pD-arabinose, but not p- 
ribose, and adapted strain B, will ferment p-ribose and not p-arabinose. 
Unadapted strains B, and B, produced 2.1 and 2.3 moles of CO: respec- 
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Fic. 5. The fermentation of various substrates by p-arabinose-adapted and non- 
adapted strain B,. The vessels contained the following substrates: Curve A 400 
y of glucose, Curve B 400 ¥ of glucose + 400 7 of p-arabinose, Curve C 400 y of ri- 
bose, Curve D 400 y of p-arabinose + strain B,-arabinose at 20 minutes. Strain B,- 
glucose represents the unadapted strain B, grown on glucose. Strain B,-arabinose 
represents strain B, adapted by diauxic growth in glucose-p-arabinose mixtures. 
The vessels had two side arms, one of which contained 5 X 10° washed strain B,- 
glucose in 0.2 ce. of 0.01 m bicarbonate buffer and the other strain B,-arabinose in 
0.2 ec. of 0.01 m buffer. The center chamber contained the substrates in 2 cc. of 
0.01 m bicarbonate buffer. The vessels were flushed with 5 per cent CO:-95 per 
cent Ne and incubated at 38°. 


tively per mole of glucose. Adapted strains B, and B, produced 2.0 moles 
of CO. per mole of p-arabinose and p-ribose respectively. 

The method of analysis of unknown fractions of dephosphorylated sugars 
is also presented in Figs. 4 and 5. The figures indicate the importance of 


exhausting the material with non-adapted organisms prior to the use of 
adapted cells. | 
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SUMMARY 


The preparation and properties of strains of Escherichia coli capable of 
the specific analysis of gluconate, D-arabinose, and pb-ribose have been 
deseribed. Speectrophotometric and turbidimetric analyses of growth on 
vluconate in the absence of other available carbon sources have been de- 
scribed. Specific manometric techniques for the three substrates utilizing 
pairs of adapted and non-adapted bacteria and capable of analyzing about 
200 y ot the carbohydrate have been presented. | 
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In 1933 (1) Warburg and Christian reported the formation of 6-phospho- 
gluconate from glucose-6-phosphate and later the further oxidation of phos- 
phogluconate (2). Triphosphopyridine nucleotide (TPN), the coenzyme 
for both reactions, was isolated trom horse red blood cells. Further in- 
vestigation of the oxidation of 6-phosphogluconate revealed subsequent 
decarboxylation, without participation of phosphate, and Lipmann pro- 
posed the formation of 2-keto-t-phosphogluconate which gave rise to 
p-arabinose-5-phosphate (3). The bacterial oxidation of gluconate to 
2-ketogluconate had been described earlier (4). 

Dickens (5) found a system oxidizing phosphogluconate in brain homo- 
genates and partially purified an enzyme from yeast extracts. These 
preparations also were active with glucose-6-phosphate as the substrate 
in contrast to Negelein and Gerischer’s (6) Zwischenferment, which acts 
only on glucose-6-phosphate. Dickens and Mellwain (7) found that phen- 
azine dyes were efficient as hydrogen acceptors in this system. 

Dickens (8) described another enzyme preparation from yeast which was 
able to oxidize ribose-5-phosphate. Yeast extract also fermented both 
ribose-5-phosphate and D-arabinose-5-phosphate, the former at a much 
faster rate (9). It was suggested that ribose-5-phosphate was the pentose 
formed in the breakdown of phosphogluconate by way of 2-keto-6-phos- 
phogluconate. 

Warburg and Christian (10) and Dickens (8) attempted to isolate and 
identify the end-products of phosphogluconate oxidation. Some fractions 
gave strong pentose reactions and compounds with 3 to 6 carbon atoms 
were obtained. Because of the difficulty of preparation of the components 
of the system, the amounts of reaction products which were isolated were 
too smal] to permit further analysis. 

Our decision to reinvestigate this svstem arose from an interest in the 
origin of ribose and desoxyribose. In working with bacteriophage, Cohen 


* This research was aided in part by the Office of Naval Research Contract N6ori- 
188, Task Order 1, NR 136-055, and in part by a grant-in-aid from the Common- 
Wealth Fund. 
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(11, 12) had found that uninfected Escherichia coli under certain condi- 
tions synthesized ribose nucleic acid (RNA) and desoxyribose nucleic acid 
(DNA) in a ratio of about 3:1, but that on infection the same amount of 
P was used to synthesize only the virus nucleic acid, DNA. He proposed 
ribose-5-phosphate as a common precursor for the synthesis of the ribose 
and desoxyribose phosphates and RNA and DNA respectively. He sug. 
gested that virus infection then shunted all the P passing through the 
ribose-5-phosphate step into the DNA path. 

Micromethods have been devised for the separation and characteriza- 
tion of ‘the reaction products of this system (13, 14). Their application 
to analysis of the reaction products of this system will be described, as 
well as some attributes of an enzyme preparation from veast which oxidizes 
and degrades 6-phosphogluconate to form pentose phosphate. A brief 
summary of the results of these investigations has appeared (13). 


Materials 


Components of System—The system we have used was essentially that 
described by Dickens. It is composed of the enzyme (7), TPN, glucose- 
6-phosphate or phosphogluconate as the substrate, and phenazine as the 
hydrogen carrier. The reaction was carried out in 0.003 Mm phosphate 
buffer, keeping the pH between 6.5 and 7.4. 

Brewers’ bottom yeast from Cooper’s Brewery in Philadelphia was 
washed with water and dried slowly on paper at room temperature. Autol- 
ysis of a suspension of the dried yeast in 3 parts of water was continued 
until fermentative activity ceased. This Lebedev extract was diluted 
with 10 volumes of water and the enzyme was precipitated with 0.02 n 
acetic acid at pH 4.6. This precipitate was washed with 0.02 N acetic 
acid and dried by lyophilization. The dried enzyme was brought into 
solution by the careful addition of 0.05 N NaOH to a pH value no higher 
than 7.4. 

Although the activity of a preparation remained constant for a long 
time when kept in the dry state, the activities of different preparations of 
enzyme made in the same way from the same yeast varied widely. The 
ratio of activity on phosphogluconate and activity on glucose-6-phosphate 
varied with the preparation. With constant amounts of enzyme and the 
same concentration of TPN and phosphate, five different enzyme prepara- 
tions had ratios of O2 uptake on phosphogluconate to that on glucose-6- 
phosphate, which ranged from 0.39 to 0.63. The preparations used in 
most of the experiments to be described below were tested in reaction 
mixtures containing 10 mg. of enzyme, 1 mg. of TPN, 9.4 uM of substrate, 
and 0.06 mg. of phenazine methochloride, in 2 cc. of 0.01 m phosphate 
buffer at pH 7.0. On incubation in air at 38° they consumed 6.8 to 7.3 
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and 3.6 to 3.7 um of O. in 60 minutes, with glucose-6-phosphate and 6- 
phosphogluconate respectively. The maximal initial rate obtained was 
0.22 mole of O2 per minute with 1.74 um of phosphogluconate per mg. of 
enzyme. 

TPN was prepared from horse liver (15). Purification was not carried 
beyond Warburg’s Step III and the purity of TPN in our earliest prepara- 
tions was about 4 per cent or below, as determined by the method either 
of Warburg (10), of Haas (16), or of LePage (17). The new method of 
preparation of TPN by LePage and Mueller (18) has not yet been tried 
in its entirety. One step, the passage of a solution of 4 per cent TPN 
through a charcoal (Nuchar C) column, effected an increase in purity to 
16 per cent. This preparation and a preparation of 55 per cent purity, 
kindly given to us by Dr. B. Horecker and Dr. A. Kornberg of the National 
Institutes of Health, have been used in recent experiments. 

Phenazine methochloride (7) has been used as the hydrogen carrier. 
Some commercial preparations were not pure. Solutions of this compound 
were not stable and the solid deteriorated even when kept in the cold in 
vacuo. Consequently, solutions of the carrier were freshly prepared and 
an excess was added to the reaction mixture. 

Glucose-6-phosphate was prepared by the method of LePage and Um- 
breit (19) from Embden’s ester, which had been isolated by the method 
of DuBois and Potter (20). 6-Phosphogluconate was prepared by bro- 
mine oxidation of glucose-6-phosphate (21). The isolated barium salt 
contained 1 to 3 per cent of a mixture of glucose-6-phosphate and a reduc- 
ing acid, identified as the 2-keto-6-phosphogluconic acid. Fructose-6- 
phosphate has been prepared from the Ca fructose-1 ,6-diphosphate ob- 
tained from the Schwarz Laboratories. The barium salt of ATP was 
isolated from rabbit muscle and was hydrolyzed to yield ribose-5-phos- 
phate, which was isolated as the Ba salt. Synthetic p-arabinose-5-phos- 
phate and xylose-5-phosphate were kindly supplied by the Levene Collec- 
tion of the Rockefeller Institute. Glyceraldehyde-3-phosphate was ob- 


tained by hydrolysis of the synthetic dimeric phosphoglyceraldehyde gen- 
-erously given us by Dr. O. Meyerhof, who also gave us samples of glucose- 
_l-phosphate. We are grateful to Dr. H. Green of this University for very 


active preparations of alkaline phosphatase (22). 

Analytical Methods—Three methods were employed to follow the prog- 
ress of the reaction. The method of Burris (23), involving the time of 
decolorization of methylene blue, was used in initial experiments to com- 
pare the activities of enzyme preparations, to determine optimal concen- 
trations of the compounds, to give an estimate of amounts of TPN activity 
at various steps during preparation of the TPN, and to test the activity 
of the system with different substrates. Oxygen uptake and CO, pro- 
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duction were measured in Warburg manometers in an atmosphere of air 
at 38°. The Beckman spectrophotometer was used for the determination 
of TPN by the Haas or Warburg method, with measurement at 340 mu. 

Pentose was determined in the Bial reaction by the method of Miller 
et al. (24), with ribose as the standard. Reducing values were determined 
by either the Hagedorn-Jensen titrimetric method (25) or the Nelson 
colorimetric method (26), with glucose as the standard. Trichloroacetie 
acid inhibited color formation in the Nelson method. The procedure of 
xing was used for the estimation of phosphorus (27). Ketose was esti- 
mated by the method of Roe (28). 

Paper Chromatographi—The squares No. 597 (Schleicher and Schiill) 
have proved satisfactory. Ascending and descending chromatograms of 
carbohydrates in sealed aquaria were run in various solvent mixtures, as 
described by Partridge (29). 

Our Ry values obtained in s-collidine are different from those of Part- 
ridge and are given at the appropriate places below. The presence of the 
carbohydrates on the papers was detected by heating with m-phenylenedi- 
amine dihydrochloride (30), or Benedict’s reagent; they were subsequently 
viewed under an ultraviolet beam. The heating of these papers was care- 
fully controlled in a glass-walled oven which had a maximal variability 
of 1° in all parts of the oven. Acids were indicated by spraving with 0.04 
per cent brom phenol blue in 95 per cent alcohol. 

The carbohydrates were freed from phosphate by incubating isolated 
esters in 0.3 per cent MgCl. and 1 unit of purified alkaline phosphatase 
(22) per 0.065 mg. of organic P. The incubation mixtures were maintained 
at pH 8.8 for 3 hours to complete hydrolysis. It was readily seen on 
chromatograms that fructose-6-phosphate gave rise to fructose, glucose-- 
phosphate and glucose-l-phosphate liberated glucose, and ribose-3-phos- 
phate and ribose-5-phosphate vielded ribose. No other sugars were de- 
tected in these tests. 

The chromatography of phosphate esters has been summarized else- 
where (13). In addition to the separation of ribose-5-phosphate and p- 
arabinose-5-phosphate by means of ethanol-boric acid therein described, 
the ready detection of glyceraldehyde-3-phosphate and 6-phosphogluconic 
acid may be noted as a function of the Rr values, fluorescence, and reactivi- 
ties with m-phenylenediamine dihydrochloride, the former being reactive 
before heating, the latter being unreactive. 

Elution of carbohydrates and the phosphorylated derivatives with water 
from cut strips of the dried chromatograms was accomplished with good 
recoveries. These eluates were centrifuged and analyzed. 

Ion Exchange Separations—These techniques were employed to effect a 
separation of neutral and acidic carbohydrates and to eliminate disturbing 
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silt effects on paper chromatograms. The cation exchange resin Amber- 
lite IR-100 and the anion exchange resin Amberlite [R-400A were con- 
verted to the hydrogen and chloride forms respectively and washed until 
filtrates rose to pH 5. A column of the appropriate resin 14 ¢m. high and 
lem. in diameter was used in the apparatus described by Tompkins e¢ al. 
(31). With a flow rate of 0.5 cc. per minute a filtration of 98 per cent of 
neutral sugar, e.g. ribose, was effected with a 2-to 3-told dilution. This 
flow rate was also efficacious in the separate elution of the acids. 

In a typical experiment 10 ec. of a mixture of S.S mg. of ribose, 9.05 
mg. of gluconic acid, and 10.0 mg. of 2-ketogluconic acid as calcium salts 
at pH 7.0 were added to the anion column and washed through with 


— 


GLUCONATE 
2 - KETOGLUCONATE 


mH 


T 


T 


PER CENT OF TOTAL PER CC 


ro 


2 3 40 50 
Fic. 1. The elution of gluconic acid and 2-ketogluconic acid from an anion ex- 
change column with 0.01 nN HCl. Flow rate = 0.5 ec. per minute. 


water. The neutral filtrate, followed by water, was passed through the 
cation exchange column until the effuent rose to pH 5.) Over-all recover- 
ies of pentose of 96 per cent were found at this point. Ag.sOQ was added 
cautiously to the acid filtrate with shaking until the pH approached 7. 
The AgC] was filtered or centrifuged after standing overnight at 4°, since 
the low salt concentration inhibited rapid complete precipitation. 

The anion column was eluted with 0.01 x HCl. Gluconate was esti- 
mated as described elsewhere (14), and 2-ketogluconate by the Nelson 
procedure. The elution patterns are presented in Fig. 1. A considerable 
separation of these acids was effected since the pK of an a-keto acid is 
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lower than that of an a-hydroxy acid. The recoveries of gluconate and 
2-ketogluconate were 102 and 99 per cent respectively. In this experi- 
ment 94 per cent of the gluconate was obtained containing 4 per cent. of 
ketogluconate, and in turn 96 per cent of the ketogluconate contained 
6.6 per cent of gluconate. Further purification could be effected by re- 
cycling, as was necessary when gluconate was present in excess of 2-keto- 
gluconate. 


4 GLUCOSE-6-PHOSPHATE 
o FRUCTOSE -6- PHOSPHATE 
x 6-PHOSPHOGLUCONATE 

e RIBOSE-5-PHOSPHATE 

XYLOSE-5- PHOSPHATE 


OF SUBSTRATE 


60; 

[oa 

S 

9.20 

= 

40 50 60 


30 
MINUTES 

Fic. 2. The substrate specificity of the enzyme system oxidizing 6-phosphoglu- 
conate. The reaction mixture contained 20 mg. of enzyme, 0.1 mg. of TPN, 55 per 
cent purity, and the substrate in 2 cc. of 0.0035 m phosphate, pH 6.6. One side 
bulb contained 0.6 mg. of phenazine methochloride in 0.2 cc., tipped at 0 time. The 
other side bulb contained 0.2 ec. of 0.6 n NaOH. The center well contained 03 
ec. of TCA (50 per cent). Incubation was in air at 38° for 60 minutes. Substrates 
were glucose 6-phosphate 5.4 um, fructose-6-phosphate 7.5 um, phosphogluconate 
11.3 uM, or 10 um of glucose-l-phosphate, glucose-4-phosphate, glucose, ribose-3- 
phosphate, ribose-5-phosphate, xvlose-5-phosphate, or glyceraldehyde-3-phosphate. 


Results 


Properties of Enzyme System—Only  glucose-6-phosphate,  fructose- 
6-phosphate, and phosphogluconate showed a significant oxygen consump- 
tion, as shown in Fig. 2. The end-points of the reaction for glucose-6- 
phosphate, fructose-6-phosphate, and 6-phosphogluconate were 1, 1, and 
0.5 moles of O2 per mole of substrate. The system had a very slight ac- 
tivity on ribose-5-phosphate and on xylose-5-phosphate. It was unable 
to oxidize glucose-1-phosphate, indicating the absence of active phospho- 
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gucomutase. Glyceraldehyde-3-phosphate, glucose-4-phosphate, ribose-3- 
phosphate, and glucose were also not oxidized. 

It was shown that the enzyme preparation contained phosphohexoisomer- 
ase. Thus the oxidation of fructose-6-PO, is probably explained by its 
conversion to glucose-6-PQ,. On incubation of 928 y of fructose-6-phos- 
phate with 5 mg. of enzyme in | cc. of 0.003 mM phosphate buffer at pH 7.0 
in the absence of TPN and phenazine, 522 y, or 44 per cent, disappeared 
inl7 minutes. Conversely, on incubation of 1500 y of glucose-6-phosphate 
with 10 mg. of enzyme in 2 cc. of buffer, 443 y of fructose-6-phosphate 
equivalent (28) appeared in that time. 

The reaction did not proceed in the absence of TPN. When TPN of 
low purity was used, sodium cyanide increased the rate of oxygen con- 
sumption and, therefore, was usually added to the reaction mixture. Na- 
(N was added to a concentration of 0.01 mM, but since no cyanide was 
added to the alkali for absorption of CQO., the effective concentration of 
cyanide ion in the reaction mixture was much lower. When the effec- 
tive concentration was brought to 0.01 mM by addition of cyanide to the 
alkali, there was some inhibition of the reaction. 

CO. was determined by acidification of the reaction mixtures in the 
Warburg vessels with trichloroacetic acid. The CO2:O. ratios usually 
remained in the range of 0.90 to 1.40. The amount of CO. produced 
varied with the enzyme preparation, the concentration of phosphate, and 
the purity of the TPN. 

Higher phosphate concentrations caused inhibition of activity, as shown 
in Table I. Dickens (8) found that the velocity of oxidation varied in- 
versely with the phosphate concentration with phosphate concentrations 
greater than 0.05 mM. Our results show a decrease in pentose production 
at phosphate concentrations of 0.01 M, although the oxygen consumption 
was not decreased. It may also be seen that pentose formation closely 
paralleled CO, production in this experiment. The TPN in this experi- 
ment was 50 per cent pure. In recent experiments with TPN of this 
purity, pentose formation has usually approached about 0.4 mole of pen- 
tose per mole of phosphogluconate. 

Fig. 3 shows‘a typical experiment with our system. It can be seen 
that O. consumption, CO, production, and the appearance of pentose are 
not simply interrelated in this system. Also, the dependence of these 
functions on the presence of phenazine is demonstrated. It had not pre- 
viously been shown that the increase in pentose in the system arose from 
the degradation of phosphogluconate. By using the Schneider procedure 
(32), the acid-soluble pentose was determined in the cold trichloroacetic 
acid filtrate, and the nucleic acid pentose was determined after extrac- 
tion of the cold trichloroacetic acid precipitate with hot trichloroacetic 
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acid. As can be seen in Table I], the increased acid-soluble pentose did 
not arise from the nucleic acid fraction of the enzyme. It was also found 


TABLE I 
Effect of Phosphate Concentration 


Phosphate concentration Oxygen uptake produced | Pentose produced 
M uM MM uM 
4.9 
 OOO1S5 Odo | 4.5 
0.0011 O.4S 1.4 | 
0.01 | 7.73 2.6 | 2.2 
| 
0.2 1.80 2.1 | 1.9 
0.5 1.6 1.5 


The reaction mixture contained 17 mg. of enzyme, 12.8 um of phosphogluconate, 
O05 mg. of TPN 55 per cent), and 0.6 mg. of phenazine methochloride in 24 ee. 
The well contained 0.8 cc. of TCA (50 per cent) and the side bull 0.2 ec. of 0.5% 
NaOH. The vessels were incubated in sir at 388° for 90 minutes. 


Icr 
CO, 
= e 
PENTOSE 
PENTOSE - NO_PHENAZINE 
J /027NO° PHENAZINE ,NO CO, 
Z i i 
MINUTES 


Fic. 3. Accumulation of pentose in phosphogluconate degradation. In each ves- 
sel were 2 ce. of enzyme mixture containing 10 mg. of enzvme, 2.34 mg. of TPN 3 
per cent), 23.2 um of phosphogluconate, and 0.06 cc. of 0.2 m NaCN. Phosphate 
buffer of pH was 0.003 m. Side arm 1 contained 0.6 mg. of phenazine methochloride 
in 0.2 ec. and was tipped at 0 time. Side arm 2 contained 0.2 ec. of 0.5 nN NaOH. 
The well contained 0.2 ce. of 5 per cent trichloroacetic acid which was tipped at 
the time indicated. 


that, when ribose-5-phosphate was incubated for 2 hours with an enzyme 
reaction mixture, there was no significant change in the pentose content 
of the mixture. 
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There was no mcrease in morganic phosphate during the reaction. 
There was a shift of organic phosphate from the barium-insoluble phos- 
phogluconate to barium-soluble compounds. All the increase in reducing 
sugars and pentose was found in the barium-soluble fractions. 

E. coli As Source of Dehydrogenases—We have confirmed Racker’s (33) 
findings that cola contains enzymes active in this svstem. EF. coli, 
strain B, was cultivated in a synthetic medium (34) containing glucose 
until the concentration was about 2 to 3 x 10° bacteria per cc. The 
bacterin in 3 liters of the suspension were harvested by centrifugation 


cand were washed. The wet bacterial pellet weighing 4.7 gm. was then 


ground for 3 minutes in a mortar with 23 times its weight of alumina No. 


TABLE II 


Free and Protein-Bound Pentose 


Change in Change in 


Time protein-bound protein-bound 
Witte Increase in pentose pentose 
mixture 
| y per cc. y per ce. y per cc. y per Cc. 
rr ‘ - 
— TPN 30 oo 
139 13] | 
10... Ves ay 116 —15 
| 1S] 42 112 — 
| 3 | Ot) 110 
60 2Ss 140 127 | —4 


120 310 71 124 | 


2 ce. of the enzyme mixture contained 10 mg. of enzyme D, 2.0 mg. of TPN (4 
per cent purity), 3.6 mg. of phosphogluconate, 0.06 cc. of NaCN (1 per cent), 0.3 
ec. of phosphate buffer, 0.02 mM, pH 7.4, and 0.2 ce. of phenazine (0.5 per cent). The 
vessels were incubated in air at 38°. 0.2 ce. samples were removed and Bial de- 
terminations were run on cold and hot TCA extracts (32). 


301, kindly suppited by the Aluminum Corporation of America. The 
paste was extracted three times with 10 ce. of 0.01 Mm phosphate, pH 7.4, 
and centrifuged. The combined extracts were brought to a volume of 
30 cc. and tested tor dehvdrogenases by the method of Burris. There was 
decolorization of methylene blue with phosphogluconate, ribose-5-phos- 
phate, and glucose-6-phosphate. There was no activity with glucose, glu- 
conic acid, or ribose, but addition of TPN caused decolorization with 
glicose. With 10-feld dilution of the extract, TPN was necessary for the 
reduction of methylene blue by glucose-6-phosphate and phosphogluco- 
nate. There was no diminution of activity of the extract after standing 5 
days in the cold. | 
Fractionation and Analyses of Reaction Products—Preliminary character- 
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ization was first attempted by means of paper chromatography of the 
sugars freed with alkaline phosphatase. In a typical experiment a reaction 
mixture consisting of 8 mg. of enzyme, 0.5 mg. of TPN (about 4 per cent 
purity), 0.6 mg. of phenazine, and 5.5 mg. of phosphogluconate in 2 ¢¢, 
of 0.003 m phosphate buffer at pH 7.0 was incubated at 37°. Aliquots 
were removed and treated with phosphatase as described previously. 
After centrifugation of the magnesium phosphate, the supernatant fluids 
were concentrated to 0.1 ce. and chromatographed on paper in collidine- 
water and phenol-water mixtures. The papers were sprayed with ammo- 
niacal silver nitrate, silver nitrate containing 0.2 N sodium hydroxide, or, 
m-phenylenediamine. Spots having Ry values and colors characteristic 
of ribose, arabinose, and 2-ketogluconate were found. 

[It should be noted that 2-ketogluconic acid does not reduce ammoni- 
acal AgNQOs readily, nor does it react: with m-phenylenediamine. 
ever, it reacts on heating at 100° with Benedict’s reagent or ammoniacal 
AgNO, containing 0.2 N NaOH. The latter reaction on paper is slow, and 
in air continues long after heating and gives rise to a purple spot.” The 
detection of the 2-keto acid in the hydrolyzed reaction products appeared 
quite distinctive, since a compound appeared having these reactivities as 
well as the correct Ry value. 

[n another type of procedure, the mixtures which had been incubated 
for various times were treated with barium hydroxide and barium acetate 
which precipitated all the barium-insoluble phosphates and the protein. 
The barium-soluble phosphates were precipitated with 4 volumes of alco- 
hol. The alcohol precipitates were dissolved in water and the barium 
was removed with sodium sulfate. These solutions were dephosphory- 
lated and chromatographed in a butanol-water mixture. The results are 
shown in Table III. In addition, spots were seen after irrigation with 
butanol-water at Rr 0.39 to 0.41, Rr values not ascribable to any com- 
pounds which we have investigated. The barium-insoluble precipitates 
were essentially free of reducing sugar. 

The chromatograms of the reaction products treated in these various 
ways gave definite evidence that as the reaction proceeded the phospho- 
gluconate disappeared, and that substances appeared having the chroma- 
tographic characteristics before and after hydrolysis of ribose phosphate, 
arabinose phosphate, sometimes 2-keto-6-phosphogluconate, sometimes 
glyceraldehyde phosphate, and also unidentified compounds. However, 
in order to characterize these products more definitely and to avoid salt 
effects on the chromatograms, more elaborate fractionations of larger 
amounts of material were desirable. 

Large Scale Experiments—In Fig. 4 is presented a flow sheet describing 
the operations and analyses to which the reaction products were system- 
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atically subjected. The enzymatic reactions were run in Warburg vessels 
and the O2 consumption of the separate vessels was followed. Each vessel 
contained 15 mg. of enzyme, approximately 1 mg. of TPN, 3.6 per cent 
purity, 6to7 mg. of phosphogluconate, and 0.9 mg. of phenazine metho- 


TABLE III 
Paper Chromatography with Butanol-Water Mixture 
Rr values Hydrolyzed reaction products 
Standards 
Mean Range Rr values 
9-Ketogluconate.. 0.05-0.12 0 .036-0 .08 5 
Glucose. 0.094 0 .07-0.13 
Arabinose | | 0.145 0.13-0.15 0 .145-0.15 4 
Ribose . 0.18-0.25 Q.18- 0.25 5 
Glyeeraldehyde ke 0.50- 0.56 2 


FRACTIONATION AND ANALYSIS OF PRODUCTS OF PHOSPHOGLUCONATE DEGRADATION 


FRACTIONATION ANALYSIS 
ENZYME. Os CONSUMPTION 
5% TCA CO, PRODUCTION 
CENTRIFUGE AND WASH LABILE P 
PENTOSE 
EXTRACT PROTEIN SEDIMENT—»>RNA 
TOTAL P 
PH 88 
++ 
4° 24 HRS.| 4 VOLS ETOH 
v 
SEDIMENT ETOH SUPERNATANT———— ORGANIC P 
ETOH,ET20, DRY PENTOSE 
REDISSOLVE PH 2 » ORGANIC P 
REDUCING SUGAR 
¥ PENTOSE 
BULK ALIQUOTS FOR CHROMATOGRAMS———>PENTOSE IN CUTS 
PHOSPHATASE —> INORGANIC P 
SEDIMENT REDUCING SUGAR 
ANION EXCHANGE COLUMN PENTOSE 
FILTRATE ELUTION C OO! N HCI 
CATION, EXCHANGE ___, REDUCING SUGAR 
COLUMN, FRACTIONS GLUCONATE 
Hy TOGRAPHIC ANALYSIS PENTOSE 
FILTRATE CHROMATOG REDUCING SUGAR 
ANALYSIS BY ADAPTIVE ENZYMES 


BOSE 
D-ARABINOSE 
Fria. 4. Flow sheet 


chloride in 3.3 cc. of 0.003 m phosphate buffer at pH 7.0 or 7.4, and 0.003 
msodium cyanide. CO; was absorbed by 0.3 cc. of 0.5 Mm sodium hydroxide 
inaside arm. The center well contained 0.3 cc. of 50 per cent trichloro- 
acetic acid (TCA). At the desired level of O2 consumption, the reactions 
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were stopped with TCA and the CO: production was measured. The 
contents of nine to twelve vessels were pooled, chilled, centrifuged at 
2000 r.p.m. for 10 minutes, and the sediment washed once with cold 5 
per cent TCA. The extracts were analyzed for pentose, total P, and 
inorganic P, and, in some cases, P hydrolyzable in Nn HCl at 100° for 10 
minutes. 

To the TCA extracts were added NaOH to bring the pH to 8.8 and 
enough Ba*+ to precipitate the P if it had all been inorganic. 4 volumes 
of 95 per cent alcohol were added and the mixture permitted to stand 
overnight at 4°. The precipitate was removed by centrifugation, washed 
with 95 per cent ethanol and ether, and dried tn vacuo over P:Os. The 
supernatant fluids were analyzed for P and pentose. 

The dried Ba salts were worked into solution with dilute HCl, the pH 
not being permitted to fall below 2. A very small insoluble sediment was 
removed by centrifugation. Aliquots of the extract were analyzed for 
organic P, reducing sugar, and pentose, and on paper chromatograms in 
ethanol mixtures. The dried chromatograms were examined by spot tests 
or were cut into strips. The strips were eluted at 100° for 5 minutes with 
H,0 and the centrifuged eluates were analyzed for pentose, reducing sugar, 
P, and their ultraviolet: absorption spectra in a Beckman  spectropho- 
tometer. 

The bulk of the material was dephosphorylated with alkaline phos- 
phatase and the sediment, containing only slight traces of reducing sugar, 
was discarded after centrifugation. The neutral supernatant fluid was 
analyzed for reducing sugar and pentose and slowly passed through the 
anion exchange resin. The acids were eluted from the column by 0.01 
N HCl and the fractions analyzed for gluconate with gluconate-adapted 
bacteria (14) and reducing sugar, with 2-ketogluconate as a standard. 

The filtrate was analyzed for pentose and reducing sugar, and passed 
through the cation exchange resin. This acid filtrate was freed of chloride 
with Ag,O, and finally the neutral sugar solution was concentrated in 
vacuo to a small volume. This neutral fraction was analyzed on paper 
chromatograms by spot tests and studies on eluates of cuts. It was also 
analyzed by pentose-adapted bacteria for ribose and p-arabinose (14). 

In Tables [IV and V are presented the analyses of three sets of reaction 
mixtures stopped at different levels of oxidation and subjected to the 
complete fractionation procedure in the flow sheet in Fig. 4. It may be 
noted that a large amount of pentose is derived from the TPN. The 
recovery of this TPN pentose was only about 75 per cent complete, due 
to its partial combination with the first TCA precipitate. Also, the recov- 
ery of the total P was only about 85 to 90 per cent complete in alcohol- 
precipitable Ba salts, the remainder being in the main recoverable in the 
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The | alcoholic supernatant fluid. Although this P was organic P, only about 
d at | 10 per cent was found to be pentose phosphate. Inorganic phosphate was 
pe p phosp g p 
Id 5 | essentially unchanged, at least after TCA precipitation. Clearly, however, 
and 
r 10 TaBLE IV 
Analyses at Levels of Phosphogluconate Degradation 
| 
Before reaction onkgtion, | Complete caidation, 
tand Cc 1 lated |. Found | Garcula _ Found Calculated | .. Found 
The wes mg. | mg. mg. | mg. mg. mg. 
Inorganic P............. 2.87 | 2.67 | 3.46 | 4.22 | 3.32 | 3.59 
» pH | Phosphogluconate P..... 7.04 | 8.44 | 6.86 
for 7.58 5.32 | 9.09 7.97 7.30 5.64 
: Mu | 10.44 | 7.99 | 12.45 | 12.19 | 10.63 | 9.13 
Aleohol-soluble P* 0.76 1.12 
eee 3.69 | 2.74 4.43 7.95 3.00 | 10.70 
gar, Aleohol-soluble pentose *. 0.48 | 1.33 
pho- Total pentose 3.22 | 9.27 
Reducing sugar as ribose. 3.01 11.82 16.90 
Increase in pentose... . 0 | 4.84 7.70 
gar, * Found in alcohol supernatant. 
Was 
the TABLE V 
0.01 Molar Relationships at Levels of Phosphogluconate Degradation 
pted Intermediate | Complete oxida- 
ani oxidation tion 
ssed Phosphogluconate input, ww 272 218 
ride Oxygen consumption, uw.......................... 90 150 
0 
um PG 
CO 
| 1.0-1.2 0.95 
14), | Os 
Increase in pentose, 32 Sl 
th “ reducing sugar, 78 in 113 
€ 
uM pentose 
2 
The 
due 
ssi pentose was formed in the experiments as oxidation progressed and re- 
ney covered in the main in Ba salts precipitable by 80 per cent ethanol. The 
the yield of the total reducing substance isolated in Ba salts was about 0.5 
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mole per mole of substrate under conditions of complete oxidation. Pep. 
tose accounted for about half of this. 

The three solutions of Ba salts were analyzed as follows: Three 0.5 ¢¢. 
aliquots of each solution were applied to paper and irrigated in descending 
chromatograms with ethanol-acetate. One strip was sprayed with brom 
phenol blue, another with m-phenylenediamine, and the last was cut into 
parallel strips of 1 em. width, eluted with water, and analyzed for pentose. 


TABLE VI 


Chromatography in Ethanol-Acetate of Phosphates Isolated at Various Levels 
of Oxidation 


Intermediate | Complete oxidation 


Standards Rr Comments 
Acids | PD*;} Acids | Acids PD 


0.3147 0.31-47 0.3147 


Ribose -5-phos- 


0.50 0.50 0.52] 0.44-0.60| Increased 
markedly as 
Arabinose-5-phos- oxidation 
0.56 0.56 0.58 progressed 
0.66 Unknown prod- 
uct 
Glyceraldehyde- 
3-phosphate ....|0.73/0.71 0.72 0.77 Typical im- 
0.83 0.84 mediate reac- 
tion with 
fluorescent 
front 
6-Phosphoglucon- 
0.89 0.87 Decreased 
markedly as 
reaction pro- 
gressed 


* Reaction with m-phenylenediamine. 


In Table VI are presented the results of these tests. By qualitative 
examination only two components could be identified. The substance of 
Ry, 0.86 to 0.89 was an acid which did not react with m-phenylenediamine 
dihydrochloride (PD) and decreased in amount very markedly as the 
oxidation progressed. This R, value, as well as other characteristics, was 
that of 6-phosphogluconate. The substance which reacted immediately 
with PD with a fluorescent front of Ry 0.84 appeared late in the reac- 
tion. These characteristics would appear to describe glyceraldehyde-3- 
phosphate. The reaction products also appeared to accumulate in the 


| 
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pentose phosphate positions. An analysis of the pentose content of the 
strips showed that the pentose of the reaction products was indeed at 
the pentose phosphate positions, 7.e. at Rr 0.5t00.6 (13). This was quite 
marked in the completely oxidized material. 

In Fig. 5 is presented a chromatogram of the intermediate oxidation 
product in ethanol-boric acid. 1 cc. of solution was applied containing 
473 y of reducing sugar, 318 y of apparent pentose, and 475 y of phos- 
phate. In the summated 5 cc. eluates of the cuts, 447 y of reducing sugar 
were recovered, 329 y of apparent pentose, and 439 y of phosphate. The 
distribution of pentose and reducing sugar was in the main slightly in 
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Fic. 5. The distribution of Bial-reactive phosphate in the intermediate oxida- 
tion product in an ascending paper chromatogram developed in an ethanol-boric 
acid mixture. The paper was irrigated for about 25 cm. and dried. 1 cm. strips 
were cut and eluted with 5 cc. of H.O. Aliquots were removed for the pentose es- 
timation. 


advance of the arabinose-5-phosphate position. Although the reducing 
sugar to pentose ratio in the peak symmetrical between FR, 0.26 and 0.39 
was about 2:1, the ratio at R,y 0.22 to 0.26 was 1:1, as would be given 
by arabinose-5-phosphate. The phosphate analyses of these eluates re- 
vealed a rough correspondence to the pentose curve with an additional 
sharp peak at R, 0.74 to 0.82, a position free of reducing groups or pentose. 

The Bial-reactive material R - 0.26 to 0.39 was not a typical pentose, since 
the color developed in 40 minutes in the orcinol-FeCl; reaction showed 
an additional peak at 465 mu as well as the usual peak at 660 mu. These 
spectra are presented in Fig. 6. The ultraviolet absorption spectrum of 
the eluate was not distinctive. This substance represented over one-third 
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of the apparent pentose and one-half of the total reducing sugar of these 
products. 

Properties of Dephosphorylated Neutral Sugars—The remainder of the Ba 
salts was dephosphorylated and separated on the anion exchange column. 
The neutral fractions were desalted and evaporated. ‘The material avail- 
able for study contained 1.30 mg. of reducing sugar and 0.48 mg. of pentose 
in 4.4 ec. for the starting material, 7.6 mg. of reducing sugar and 3.6 mg. 
of pentose in 4.6 cc. for the intermediate oxidation product, and 6.0 mg. 
of pentose in 3.0 cc. for the complete oxidation product. These repre- 
sented losses of pentose from the amounts present in the various reaction 
mixtures through the steps after isolation of Ba salts of 0.83, 0.84, and 


o UNKNOWN PHOSPHATE 
x D- ARABINOSE 


a 0- RIBOSE 


400 450 500 550 600 650 100mm 
WAVE LENGTH 
Fic. 6. A comparison of the spectra produced by an unknown phosphate, ribose, 
and arabinose in the orcinol-FeCl; reaction. The unknown phosphate was isolated 
from the chromatogram described in Fig. 5 at Ry 0.32 to 0.36. 


0.75 mg. of pentose respectively. This suggested the loss of some common 
source of pentose present in the starting mixture, such as one of the TPN 
nucleosides freed after phosphatase treatment but absorbed by one of the 
resins. 

Collidine chromatograms of some of these materials are presented in 
Fig. 7. Pentose was clearly found at the arabinose and ribose positions 
in the intermediate and complete oxidation products. Analysis of reducing 
sugar in the strips, as shown in Fig. 7, revealed reducing groups only at 
the ribose and arabinose positions in the intermediate oxidation product 
and at the glucose position in the starting material. This last was due 


to a small amount of glucose-6-phosphate in this phosphogluconate sub- 
strate. 
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The oxidation product was also chromatographed in a butanol-H.O 
mixture. On treatment with m-phenylenediamine weak spots were re- 
vealed at Ry 0.12 and 0.18, which are those of arabinose and ribose, re- 
spectively. Pentose analysis of the cut chromatograms confirmed these 
qualitative tests, pentose recovery in the eluates approaching 100 per 
cent. 
Paper was treated with 0.3 cc. aliquots of the sugar solutions containing 
234 y and 600 y of pentose from the intermediate and complete oxidation 
products, respectively. The papers were irrigated with collidine. The 


INTERMEDIATE 
OXIDATION 


O OXIDATION 


| 
4 


Fic. 7. The distribution of reducing sugar in two of the paper chromatograms 
developed in s-collidine-H,0. ‘The products described in Table IV are herein ana- 
lyzed. The papers were irrigated for about 25 cm., cut, and dried. 1 cm. strips 
were cut and eluted with 5 cc. of H.O. 


thoroughly dried papers were cut-between Ry 0.45 and 0.65 and eluted 
with 5 cc. aliquots of H.O. These solutions were then analyzed by adapted 
bacteria for ribose and b-arabinose. It was found that 17 to 21 per cent 
of the original applied pentose recoverable in these eluates was fermented 
by ribose-adapted bacteria and 8.5 to 14 per cent was fermented by the 
arabinose-adapted bacteria. 

Direct analyses of larger aliquots were then made by adapted bacteria. 
In 0.5 ce. aliquots of the neutral fraction of the complete oxidation product 
were found 251 y of ribose or 25 per cent of the total pentose. In 1.5 
cc. aliquots of the corresponding fraction of the intermediate oxidation 
product were found 154 y of ribose and 130 y of arabinose or 13 and 11 
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per cent of the total pentose respectively. ‘These figures are considered 
more reliable than those reported for the eluted chromatogram. 
Distribution of Acids from Ion Exchange Studies—The acids of the various 
dephosphorylated fractions adsorbed on the anion exchange resins were 
eluted at pH 2 and collected in small separate fractions. The fractions 
were analyzed for gluconate with adapted bacteria and for reducing 
sugar. The distribution of these substances in the eluates is presented 
in Fig. 8. Three points deserve comment: (1) gluconic acid disappeared 


401 COMPLETE 
OXIDATION 


INTERMEDIATE OXIDATION 


+BIAL REACTION 
0 ASCORBATE 


% PER CC 


O OXIDATION 


© GLUCONATE 
REDUCING ACID 


0 2 Oc 
Fia. 8. The distribution of gluconate and reducing acid in eluates of anion ex- 
change columns. These columns had adsorbed the acids freed by phosphatase from 


the products described in Table IV. The flow rates of 0.01 n HCl were about 0.5 
cc. per minute. 


as oxidation progressed; (2) only a small amount of keto-onic acid was 
present as such in these materials and apparently existed in the phos- 
phogluconate prepared by the Bre oxidation of glucose-6-phosphate; (3) 
a new, very weak acid or otherwise adsorbed material appeared among 
the degradation products. This material was not isoascorbate, as esti- 
mated by means of the 2:6-dichlorophenol-indophenol reaction, and indeed 
gave a strong Bial reaction comparable in the quality of color to that of 
the major unknown Bial-reactive phosphate described previously. The 
elution pattern of isoascorbate was found to be comparable to that of 
gluconate and 5-ketogluconate when absorbed in the presence of 2-keto- 


XUI 


as 


D. B. M. SCOTT AND S. S. COHEN 527 


gluconate, whereas this weaker acid was either in the filtrate or in early 
fractions of the acid eluate. The apparently faster elution of the major 
reducing acid derived from the complete oxidation products is due to the 
use of a slightly smaller column in this instance than those used for the 
other two materials. 


DISCUSSION 


It has been shown by paper chromatography of the intact phosphates 
and the isolation of gluconate freed by hydrolysis that, as oxidation pro- 
gressed, 6-phosphogluconate disappeared; 7.e., the Oz consumption of about 
0.5 mole of substrate did not merely reflect a series of oxidations of a 
portion of the phosphogluconate but oxidation of all of this substrate. 
This fact, taken with the R. Q. of this system of about 1, means that a 
single oxidative decarboxylation of 6-phosphogluconate to form pentose 
phosphate cannot account for the observed phenomena. Such an oxida- 
tive decarboxylation would yield an R. Q. of 2. Two other possibilities 
exist: (1) there is another oxidation of 6-phosphogluconate which does not 
lead to decarboxylation and pentose, or (2) there are two successive reac- 
tions, 2.e. oxidation and decarboxylation leading to pentose. In the first 
instance one might conceive of the formation of 5-keto-6-phosphogluconate 
which would be expected to be cleaved by aldolase to 1 mole of triose 
phosphate and tartronic acid semialdehyde. In the second, the formation 
of 2-keto-6-phosphogluconate is a possibility. However, insufficient keto- 
hexonic acid has been obtained to account satisfactorily for the R. Q. and 
pentose formed. The apparent accumulation in our system of glyceral- 
dehyde-3-phosphate may be related to these questions, since we have not 
observed a degradation of ribose-5-phosphate in our system. 

Since ribose was produced in the system, an inversion has occurred at 
the C, hydroxyl of the pentose. A simple degradation should yield p- 
arabinose. It is possible that the inversion may occur either around the 
oxidation of the 6-carbon compound or after pentose phosphate formation. 
One mechanism would suggest the formation of a 2 ,3-enediol which would 
be decarboxylated to form a 1 ,2-enediol pentose phosphate. The parent 
enediol would probably not be a diphospho derivative since the oxidation 
proceeded in the absence of inorganic phosphate. This intermediate would 
be theoretically capable of forming ribose-5-phosphate, arabinose-5-phos- 
phate, and araboketose-5-phosphate. Still another mechanism might sug- 
gest the direct formation of D-arabinose-5-phosphate or araboketose phos- 
phate by oxidative decarboxylation. These substances might then be 
transformed by some series of epimerization steps to ribose-5-phosphate. 

The compounds found suggest the formation of some of these possible 
intermediates. First, a Bial-reactive phosphate was obtained in high yield 
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which moved in ethanol-boric acid. This compound had an Ry value 
slightly greater than arabinose-5-phosphate and developed a marked peak 
at 465 my in the Bial reaction unlike arabinose-5-phosphate. We have 
observed that ascorbic and p-isoascorbic acids give such a peak, in contrast 
to ribose, arabinose, xylose, and their phosphates.!. Derivatives of certain 
phosphorylated ascorbates or xyloketose might be expected to migrate in 
ethanol-boric acid, since they would not contain contiguous cis hydroxyls. 
Araboketose-5-phosphate would not be expected to move in this mixture. 

Finally we have noted in dephosphorylated reaction products the pres- 
ence of a weakly acidic Bial-reactive substance which was very rapidly 
eluted from the anion exchange column. This compound was less acidic 
than the isoascorbates and possibly might be a 1 ,2-enediol pentose. The 
quality of its Bial reaction further indicated similarity to the Bial-reactive 
phosphorylated constituent migrating in ethanol-boric acid. Although a 
1 ,2-enediol pentose phosphate would have contiguous cis hydroxyls at 
the C3 and C, positions, it is conceivable that the phosphate or the enediol 
might interfere with the formation of a boric acid complex. 

Thus the study has raised many new problems and has pointed to the 
possible existence of a number of hitherto undescribed compounds and 
reactions involved in the degradation of 6-phosphogluconate. Their exist- 
ence rests on several lines of evidence: (1) the finding of materials behav- 
ing like ribose-5-phosphate and (2) the finding that the amounts found 
of ribose phosphate or arabinose-phosphate accounted for only a small part 
of the Bial-reactive material which accumulated, or the pentose which 
could have accumulated as a result of the observed oxidation and decar- 
boxylation. The purification of the enzymes involved should assist in 
the elucidation of some of the individual reaction steps. 


SUMMARY 


An enzyme preparation oxidizing and degrading 6-phosphogluconate 
comparable to the system described by Dickens has been isoluved from 
yeast. A system oxidizing 6-phosphogluconate in the presence of TPN 
has also been demonstrated in E. coli extracts. The specificity of the 
yeast preparation and its dependence on TPN and the carrier phenazine 
methochloride have been studied. The Oz consumption, CO, production, 
and pentose production in a complete system have been measured, and 
it has been demonstrated that the pentose formed is derived from the 
6-phosphogluconate. In this system 0.5 mole of O. was consumed per 
mole of 6-phosphogluconate; the R. Q. was close to 1, and 0.25 to 0.40 
mole of pentose was produced. 

The products of the enzymatic degradation of 6-phosphogluconate have 


1 Cohen, S. S., and Arbogast, R., unpublished data. 


i D. B. M. SCOTT AND S. S. COHEN 529 


been isolated, fractionated, and analyzed. Analysis by paper chroma- 
tography of the dephosphorylated products has revealed substances behav- 
ing like ribose and p-arabinose. Analysis of the phosphates by this tech- 
nique has revealed the disappearance of 6-phosphogluconate and the 
appearance of substances behaving like ribose-5-phosphate and arabinose- 
5-phosphate and a new unknown Bial-reactive phosphate. This latter 
substance had properties not ascribable to any known substance and 
comprised about one-half of the apparent pentose formed. A compound 
reacting like glyceraldehyde-3-phosphate was also observed to accumulate. 

Adaptive enzymatic analysis of the isolated pentoses revealed p-ribose 
and D-arabinose in amounts of about 25 and 10 per cent respectively of 
the total apparent pentose present, in confirmation of the chromatographic 
analyses. 

The ion exchange analysis of the acidic products after removal of the 
phosphate revealed the disappearance of 6-phosphogluconate as the 
reaction progressed, with slight, if any, accumulation of 2-ketogluconate. 
A small amount of slightly acidic Bial-reactive material was found only 
in the reaction products. It was not an ascorbate and it is thought that 
it might be a pentose enediol. The significance of these reaction products 
has been discussed. 
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EFFECT OF HYPERGLYCEMIC-GLYCOGENOLYTIC FACTOR 
AND EPINEPHRINE ON LIVER PHOSPHORYLASE* 


By EARL W. SUTHERLAND anv CARL F. CORI 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 10, 1950) 


The hyperglycemic-glycogenolytic (H-G) factor, a protein originating 
in the islet tissue of the pancreas (1-3), and various sympathomimetic 
amines, of which epinephrine is the chief representative, cause increased 
hepatic glycogenolysis in vivo and in vitro. The glucose output of rabbit 
liver slices has been used as a quantitative test system for the action of 
these glycogenolytic agents in vitro. Since there are only three enzymatic 
reactions involved in the formation of blood sugar in the liver, there was 
some hope of finding out which of these was the primary point of action. 
It will be shown in this paper that the first step, the phosphorylase reac- 
tion, is rate-limiting and that the H-G factor and epinephrine exert their 
effect by causing a rapid increase in the phosphorylase activity of the liver. 


EXPERIMENTAL 


Action of Sympathomimetics—The effect of H-G factor on the glucose 
output of liver slices has been described previously (1-3). The response 
to epinephrine and related amines shows the same characteristics; there is 
a graded response to increasing concentration until a maximum is reached 
(Fig. 1). Half maximal stimulation occurred at a concentration of /(—)- 
epinephrine in the medium of about 1 part per 15 million. The unnatural 
or d(+-) isomer of epinephrine was about one-sixth as active and this was 
also the order of activity of /(—)-arterenol (norepinephrine), an amine 
which has recently been shown to be a normal constituent of the adrenal 
medulla (4, 5). d(+)-Arterenol showed only weak glycogenolytic ac- 
tivity.!. Very similar quantitative differences have been found when the 
hyperglycemic activity of these compounds has been studied in intact 
animals (6). Not shown in Fig. 1 are ephedrine, which had weak and 
variable glycogenolytic activity, and benzedrine, which was inactive in 
the liver test system. Here again there is a parallelism in the response of 
liver slices and of blood sugar in intact animals. 

The following experiment shows that the H-G factor and epinephrine 
are not additive in their effect when each is added in supramaximal 


*This work was supported in part by a research grant from Eli Lilly and 
Company. 
' These materials were kindly supplied by Dr. M. L. Tainter. 
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amounts to liver slices. The control output (in mg. of glucose formed 
per gm. of liver per 40 minutes) was 6.9, while with the H-G factor or 
epinephrine or both the output was 12.5, 13.1, and 13.8, respectively. The 
action of the two agents was compared under a variety of experimental 
conditions (7). These included variations in the pH of the medium and 
addition of cyanide, azide, and alcohols. In all these cases the glyco- 
genolytic effect of either agent was influenced in precisely the same man- 
ner. In particular, conditions which abolished the glycogenolytic effect 
of one agent also did so with respect to the other. These conditions were 
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Fic. 1. Stimulation of glucose output of rabbit liver slices by sympathomimetics. 
Slices were shaken in 1.2 ml. of 0.02 m phosphate-saline buffer, pH 7. Control slices 
were incubated without addition of a sympathomimetic. After 40 minutes of shak- 
ing at 37°, barium hydroxide and zinc sulfate were added and the filtrate was ana- 
lyzed for glucose. Each point is an average of two experiments. 


addition of 0.1 Mm fluoride, replacement of phosphate by arsenate, and 
disruption of cellular organization by freezing and thawing of slices or by 
homogenization. It is made probable by these experiments that the H-G 
factor and epinephrine act on the same enzyme system in the liver to 
produce increased glycogenolysis. 

Location of Point of Action—Of the three enzymatic reactions involved, 


(phosphorylase) _ (mutase) 
Glycogen + PO, <— - glucose-1-P <— - 


(ph osphatase) 


glucose-6-P — glucose + PO, 
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the first two have favorable equilibria for reversibility, while the last re- 
action has an equilibrium far to the side of hydrolysis. In such a system 
of consecutive reactions, each enzymatic rate is determined by the concen- 
tration of the substrates of the forward and backward reactions and by 
the effective enzyme concentration within the cells. It was of interest to 
determine which of the three enzymatic reactions was the slow or rate- 
limiting step of the over-all reaction, glycogen — glucose, because it seemed 


probable that the action of the glycogenolytic agents was on that step. 
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Fic. 2. Effect of addition of glucose-1-phosphate (17 mg. per ml., as the dipotas- 
sium salt) and of glucose-6-phosphate (18 mg. per ml.) on the glucose output of 
liver slices, with and without the addition of epinephrine. The period of ineu- 
bation was 45 minutes at 37°. 


The experiments to be described. below indicate that the order of enzy- 
matic rates in liver slices and homogenates is phosphorylase < mutase 
< phosphatase. That mutase and phosphatase are not rate-limiting (not 
saturated with substrate) is shown by the effect of addition of the two 
phosphate esters (Fig. 2). The first two bars show the basal output and 
the usual effect of epinephrine in stimulating glucose output. When glu- 
cose-l-phosphate is added, the basal output is more than doubled, but 
mutase and phosphatase are still not saturated with substrate, since addi- 
tion of epinephrine causes an increase in glucose output above that caused 
by glucose-1-phosphate alone. 

The fact that the phosphorylase reaction appeared to be the slow step 
made it desirable to investigate the effect of concentration of inorganic 
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phosphate. Livers of well fed rabbits were used; therefore glycogen, the 
second substrate of the phosphorylase reaction, was always present in ex- 
cess. Slices were first washed in cold salt solution in order to reduce their 
phosphate content. In the following experiment, the control output (in 
mg. of glucose per gm. of liver per 45 minutes) was 1.6 without and 5.0 in 
the presence of 0.09 m phosphate. The eztra glucose (above the control) 
formed in the presence of epinephrine was 3.6 without and 5.0 with added 
phosphate. Similar.results were obtained in other experiments with epi- 
nephrine and H-G factor; that is, the glycogenolytic effect of these agentt 
was greater with than without added phosphate. 
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Fic. 3. Phosphate content of liver slices after 20 minutes of incubation without 
and with the addition of H-G factor plus epinephrine (FE). The incubation me- 
dium consisted of 0.02 m phosphate-saline solution containing radioactive (P%?) 
phosphate. Following incubation, the slices were analyzed after varying lengths of 
time of washing in salt solution. For the description see the text. 


This phosphate effect was obviously connected with phosphorylase ac- 
tivity and raised the question whether the action of the glycogenolytic 
agents might not consist in increasing the permeability of liver slices to 
phosphate. In order to test this, a number of matched slices were first 
washed in cold salt solution and then incubated for 30 minutes in 0.02 m 
phosphate-saline solution containing radioactive (P*?) inorganic phosphate. 
After incubation slices were removed from the medium and placed in a 
large volume of cold salt solution. Individual slices were fixed in tri- 
chloroacetic acid after varying lengths of time of washing, as indicated on 
the graph in Fig. 3. The trichloroacetic acid filtrates were analyzed for 
inorganic phosphate by counts of radioactivity and by chemical deter- 
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minations. It may be seen in Fig. 3 that the slices incubated with H-G 
factor plus epinephrine contained the same amount of inorganic phosphate 
as the control slices at zero time and that the rate of loss of phosphate 
during washing was also the same in both types of slices. 

The concentration of glucose-l1-phosphate and glucose-6-phosphate was 
also determined in liver slices by means of the isotope technique. The 
argument is that if the first reaction is speeded up the concentration of 
glucose-l-phosphate should increase because a new steady state is estab- 
lished, but if the action were on Step 2 or 3 a decrease rather than an 
increase would be observed. The incubation of liver slices was carried 
out in the usual way, except that phosphate labeled with P*? was present. 
This results in the formation of labeled glucose-l- and glucose-6- 
phosphate. Immediately before fixation by heating in boiling water, a 
known amount of non-radioactive glucose-l1-phosphate (or glucose-6-phos- 
phate) was added as carrier. The glucose-l-phosphate was then isolated 
as the crystalline dipotassium salt, washed out three to four times with 
non-radioactive inorganic phosphate (inorganic P being precipitated each 
time with magnesia mixture) and in addition recrystallized four to nine 
times until the counts per minute per mg. of P became constant. Glu- 
cose-6-phosphate was treated similarly, except that it was precipitated as 
the barium salt from alcohol. 

Fig. 4 shows such an experiment which has been repeated several times 
with the same result. The increase in the concentration of glucose-1l- 
phosphate, which is observed in the presence of the two glycogenolytic 
agents, speaks strongly in favor of their acting on the phosphorylase sys- 
tem. ‘The glucose-6-phosphate concentration also increases because a new 
steady state is established when the concentration of glucose-1-phosphate 
rises as the result of a more rapid phosphorylase activity. For the same 
reason there occurs an increase in the concentration of free glucose in liver 
slices, when glycogenolysis is stimulated by the two agents. As calcu- 
lated from Experiment A, the concentrations of glucose-l-phosphate (“5 
< 10-* m) and of glucose-6-phosphate 10-‘ M), in liver slices 
stimulated by the glycogenolytic agents, were below those required’ to 
give half saturation of mutase and phosphatase, showing again that these 
enzymes were not limiting the over-all rate. 

Effect on Phosphorylase Content of Liver—One possible explanation for 
the action of the glycogenolytic agents on the phosphorylase system was 
that they increased the effective enzyme concentration within the cell. It 
proved possible to demonstrate this in a direct manner by measuring 
phosphorylase activity in homogenates prepared from slices. The enzyme 
pattern as it exists in slices did not appear to be greatly altered by the 
process of homogenization. The experiment in Fig. 5 shows that the 
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slices incubated for 30 minutes with glycogenolytic factor formed glucose 
twice as rapidly as the control slices and that the homogenates prepared 
from these slices showed the same difference in the rate of glucose forma- 
tion.” 

In the experiment in Fig. 6, the first two bars show again that differ- 
ences in the rate of glucose formation in slices are maintained in homoge- 
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Fic. 4. Concentration of glucose-l-phosphate and glucose-6-phosphate in liver 
slices incubated without and with the addition of glycogenolytic agents. Isotopic 
hexose phosphates were formed by incubation with radioactive inorganic phosphate 
and were isolated by the carrier technique described in the text. Samples of P* 
with different specific activities were used in Experiments A and B. 


nates prepared from them. Addition of crystalline phosphoglucomutase 
to the homogenate (third bar) did not have an effect on the rate of glu- 
cose formation, showing in this case in an unequivocal manner that this 
enzyme was not limiting. The addition of crystalline muscle phosphor- 

2 Instead of direct homogenization, slices can be converted to acetone powders 


and then extracted. The difference in phosphorylase activity is maintained when 
such extracts are dialyzed or when they are fractionated with ammonium sulfate. 
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ylase increased the glucose output 5-fold, showing that mutase and 
phosphatase activities were more than adequate to keep pace with the rate 
of phosphorylase activity found in homogenates. The total capacity of 
the mutase and phosphatase systems was tested by adding an excess 
glucose-l- and glucose-6-phosphate to the homogenates. Clearly, the 
enzyme pattern in liver slices and homogenates at physiological pH is 
such that the rate of glucose formation is a measure of the rate of phos- 
phorylase activity. 


1Or 
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GLUCOSE FORMATION IN HOMOGENATE 
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Fria. 5. Glycogenolysis in homogenates prepared from preincubated liver slices. 
During preincubation for 30 minutes control slices formed 5.9 mg. of glucose per 
gm., while slices incubated with H-G factor plus epinephrine (FE) formed 11.8 mg. 
per gm. Each set of preincubated slices (1.1 gm.) was homogenized for 2 minutes in 
a micro Waring blendor in a volume of 17 ml. of cold 0.04 m phosphate-saline buffer, 
pH 7.4. The homogenates were fortified with glycogen and incubated with shaking 
at 37°. Aliquots were removed at the times indicated and analyzed for glucose 
after deproteinization with barium hydroxide and zine sulfate. Each point rep- 
resents an average of a duplicate experiment. 


This conclusion is supported by direct measurements of phosphorylase 
activity in liver homogenates, based on the rate of glycogen synthesis 
from added glucose-1-phosphate at pH 6. This pH is so unfavorable for 
phosphoglucomutase activity that only a small amount of added glucose- 
1-phosphate is removed by this enzyme. Residual activity of this enzyme 
was blocked in some experiments by addition of 0.05 m NaF. In some 
cases the measurement of glycogen synthesis was based on determination 
of glycogen, in others on determination of inorganic phosphate liberated 
from glucose-1-phosphate. In the latter case a correction was applied for 
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the small amount of glucose (and inorganic phosphate) set free via 
mutase and phosphatase. 

In Table I are given examples of the two types of phosphorylase activ- 
ity measurements carried out with the same liver homogenate. The ex- 
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Fic. 6. Enzyme patterns in homogenates prepared from preincubated liver slices. 
The bars marked FE refer to homogenates prepared from slices incubated for 30 
minutes with H-G factor plus epinephrine; the bars not so marked refer to ho- 
mogenates prepared from preincubated control slices. Additions to homogenates 
are marked on the bars. For the method of homogenization and analysis see the 
legend to Fig. 5. 


periments show that when the rate of glucose formation is increased (in 
homogenates from slices pretreated with epinephrine or H-G factor) there 
is a corresponding increase in the rate of phosphorylase activity measured 
in the opposite direction. It should be noted that because of the differ- 
ence in pH the two rates are not directly comparable. There can be no 
doubt that epinephrine and the H-G factor increase the concentration of 
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I 
Phosphorylase Activity in Rabbit Liver Homogenates 

The rate of glucose formation was measured at pH 7.4 in 0.04 m phosphate buffer 
and 1.0 per cent glycogen. The rate of glycogen synthesis was measured in 3 X 
10-? m glucose-l1-phosphate at pH 6 by direct determination of glycogen. The 
results are expressed in mg. per gm. of liver for a period of incubation of 30 minutes 
at 37°. C. refers to control slices incubated at 37° without addition, E. and F. 
to incubation of slices in the presence of epinephrine or H-G factor, respectively, 
prior to preparation of the homogenates. 20 + 4E. means that the slices were 
first incubated for 20 minutes without addition, followed by 4 minutes of incuba- 
tion in the presence of epinephrine. 


Time of incubation of 
min. $5 mg. per gm. mg. per gm. 

1 30C. 0.75* 
30E. 0.75* 
30C. 5.2 5.3 
30E. 11.8 18.0 

2 0C. 10.4 38.0 
30C. 3.2 0.2 
30E. 6.2 13.5 
30F. 7.1 14.0 

3 OC. 8.3 
20C. 4.4 5.7 
40C. 4.8 
20 + 4E 9.2 19.8 
20 + 15E 7.7 

4 0C. 9.3 
20C. 5.3 20.0 
40C. 5.7 
20 + 4F. 7.9 28.1 
20 + 15F. 7.7 

5 20C. 7.5 (28.6)f 7.6 
20 + 4E. 14.4 (29.9)f 22.2 
28C. 7.8f 

6 0C. 10.9 
20C. 7.0 
40C. 6.5 
20 + 4E. 10.4 
20 + 15E. 10.1 


* No glycogen was added to the homogenate (which was prepared from a liver 


t The values in parentheses correspond to the amount of glucose formed from 
added glucose-6-phosphate and are a measure of phosphatase activity. 
t Epinephrine added during homogenization. 


active phosphorylase in liver slices. The experimental conditions under 
which this has been observed are shown in Table I. 
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It may be seen in Experiments 2 to 6 of Table I that in every case the 
phosphorylase activity (as measured by the rate of glucose formation) 
decreased during the first 20 minutes of incubation of slices and that it 
then remained constant for the next 20 minutes of incubation. The effect 
of epinephrine or H-G factor in Experiment 2 could be attributed to a 


TABLE II 
Phosphorylase Activity in Liver of Rabbits Injected with Epinephrine 


Serial biopsies were made on rabbits anesthetized with evipal. The rate of 
glucose formation was measured as in Table I and is expressed as mg. per gm. of 
liver per 30 minutes at 37°. Epinephrine (E.) injected, at the times indicated, 
subcutaneously in a dose of 0.4 to 0.6 mg. per kilo in Experiments 1 to3, and intra- 
venously in a dose of 0.05 mg. per kilo over a period of 10 minutes in Experiment 4. 


Experiment No. Time since anesthesia Blood sugar 
min, mg. per cent mg. per gm. 

1 20 5.1 
37 142 7.1 
40E. 
72 161 9.3 
90 171 8.3 

2 20 3.6 (10.3)* 
38 107 2.4 (9.6)* 
42E. 
69 161 6.9 (42.2)* 
94 222 6.4 (42.2)* 

3 20 10.4 (27)t 
45 5.4 (21)t¢ 
47K. 
67 7.4 (20)t 

4 24 6.1 
40 171 | 4.1 
55-65E | 
69 196 | 8, 
80 202 | 7.7 


* Glycogen synthesis from glucose-1-phosphate at pH 6. 
t Glucose formed from added glucose-6-phosphate. 


slowing down of the phosphorylase inactivation which occurs during in- 
cubation. In Experiments 3 to 6 it is shown that the phosphorylase ac- 
tivity which was lost during 20 minutes of incubation was regained within 
4 minutes when either epinephrine or H-G factor was added to the slices. 
Addition of epinephrine during or after homogenization did not have such 
an effect. Measurement of phosphatase activity in Experiment 5 showed 
that the activity of this enzyme remained uninfluenced by epinephrine. 

The question then arose whether these experiments in vitro have their 
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counterpart in the intact animal. For this purpose serial biopsies were 
made on eight rabbits under evipal anesthesia before and after injection 
of epinephrine. About 1 gm. of liver was removed, each from a different 
lobe. Bleeding was easily controlled by allowing hemostatic cotton mois- 
tened with thrombin to adhere to the cut surface. Each piece of liver 
was immediately homogenized and the homogenate tested for phosphor- 
ylase activity. Four representative experiments are shown in detail in 
Table II, while averages of all experiments are included in Table III. In 
most cases the blood sugar values were somewhat elevated before epi- 
nephrine was injected. This is attributed to unavoidable stimulation of 


TaBLeE III 
Summary of Experiments on Intact Animals 


The values in parentheses indicate the number of determinations made. The 
rate of glucose formation is expressed as mg. per gm. of liver per 30 minutes at 
37°. 


Glucose formation in homogenate | 
Experimental conditions Increase pe 
Controls Epinephrine | 
mg. per gm. mg. per gm. per cent 
Serial biopsy........... 7.0 (15) 8.9 (16) 27 0.01 
Matched pairsf.......... 6.8 (12) 9.7 (12) 43 0.008 
26.9 (7)f 25.0 (7)f | 


* From Fisher’s ¢ ratio (pair comparison method). 

t The average blood sugar for twelve control animals was 102 mg. per cent and 
for twelve animals 20 minutes after epinephrine injection 177 mg. per cent. 

t Rate of glucose formation from added glucose-6-phosphate. 


hepatic glycogenolysis during the operative procedure and makes it doubt- 
ful that the sampling of the liver was accomplished under strictly basal 
conditions. How rapidly the phosphorylase activity can change has al- 
ready been shown in the experiments with liver slices in Table I. The 
variation in phosphorylase activity between the first and second control 
liver samples in Table II is therefore not surprising. In seven out of 
eight cases the injection of epinephrine was followed by a rise in phos- 
phorylase activity above the average of the control samples.* The aver- 
age increase was 27 per cent and statistical analysis by the pair compari- 
son method showed that this difference had a probability of 1 per cent as 
being due to chance (Table III). 


* The one exception is included as Experiment 3 in Table II, and it is probably 
significant that the initial phosphorylase activity was the highest found among all 
the control samples. Here marked stimulation must have occurred through release 
of epinephrine from the animal’s own adrenals and perhaps also through the 
handling of the liver. 
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Another series of experiments consisted of twelve pairs of rabbits which 
were matched as closely as possible. One of a pair served as the control, 
while the other was injected subcutaneously with 0.6 mg. of epinephrine © 
per kilo and was used for analysis 20 minutes later. In these experiments 
the animals were not anesthetized except just prior to the sampling of the | 
liver. The hope that stimulation could be avoided was not realized in all . 
cases. Some animals showed an elevated blood sugar and a high phos-) 
phorylase activity of the liver even when no epinephrine was injected, and 
this was generally connected with some struggling during handling. If 
two out of the twelve pairs the partner injected with epinephrine failed 
show a higher phosphorylase activity of the liver than the uninjec 
controls. On an average the increase following the injection of epineph- 
rine was 43 per cent, with a probability of 0.8 per cent that this differ he 
was due to chance (Table III). In seven of the pairs glucose-6-phospha- 
tase activity of the liver was also determined. As shown in Tablg III, 
epinephrine had no effect on the activity of this enzyme. / 


DISCUSSION 


~ 


The present investigation shows that the phosphorylase content of the 
liver is not static but represents a balance between inactivation and re- 
synthesis of the active form of the enzyme. Both processes occur so 
rapidly in vivo and in vitro that a specific portion of the enzyme molecule 
appears to be involved. An enzyme (PR) has been described in muscle 
which converts crystalline muscle phosphorylase a into a form b which 
requires adenylic acid for its activity. A reversibility of the a — b trans- 
formation has been observed in the intact animal (8). Liver, as has been 
found recently, also contains a phosphorylase-inactivating enzyme. When 
it is added to a mixture of liver and muscle phosphorylase, the latter can 
be reactivated by addition of adenylic acid, while liver phosphorylase does 
not regain its activity. This seems to indicate that the two phosphor- 
ylases are different and experiments are now under way for the purifica- 
tion of liver phosphorylase. 

It seems probable that the decrease in phosphorylase activity which is 
observed in liver slices and in the liver of intact animals is due to this 
inactivating enzyme. , That this inactivation can be reversed is indicated 
by the action of epinephrine and of the hyperglycemic factor. These two 
glycogenolytic agents bring about an increase in phosphorylase activity 
which is of sufficient rapidity and magnitude to account for their hyper- 
glycemic action. So far this reactivation has been observed only in intact 
liver cells. The indications are that the reversible transformation, active 
@ inactive phosphorylase, is the result of action of two separate enzymes, 
and it remains to be seen in what manner this enzyme system is influenced 
by the hyperglycemic agents. 
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SUMMARY 


ympathomimetics, when tested for their glycogenolytic effect on 
liver}slices, showed the following order of activity: /(—)-epinephrine > 
d(+)-epinephrine > 1 (—)-arterenol > d(+)-arterenol, ephedrine slightly 
active, and benzedrine inactive. This parallels the order of hyperglycemic 
activity of these compounds in the intact animal. 

2} Epinephrine and the hyperglycemic factor of the pancreas produced 
the same maximal increase in glycogenolysis in liver slices and in maxima! 
amounts were not additive in their effect; their action appears to be on 
the same enzyme system in the liver. 

3. The order of enzymatic rates in liver slices and homogenates was 
phosphorylase < phosphoglucomutase <_ glucose-6-phosphatase. This 
has been demonstrated by a variety of techniques, including the measure- 
ment of the concentration of intermediary products by means of isotopes. 
The glycogenolytic agents were shown to cause an increase in the concen- 
tration of glucose-1-phosphate in liver slices as a result of increased phos- 
phorylase activity. Because mutase and phosphatase are present in ex- 
cess, the speeding up of the first reaction leads to an increase in the rate 
of the over-all reaction, glycogen — glucose. 

4. The glycogenolytic agents were shown to increase the concentration 
of active phosphorylase both in vitro and in vivo, an efiect which was of 
sufficient rapidity and magnitude to explain their hyperglycemic action. 
The concentration of phosphatase remained unchanged. 
iver contains an enzyme system which keeps a balance between an 
active and an inactive form of phosphorylase, permitting a rapid change 
ither direction. Present indications are that this enzyme system is 
uenced by the glycogenolytic agents. 


The authors gratefully acknowledge the technical assistance of Miss 
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STUDIES ON MYOSIN 
I. PREPARATION AND CRITERIA OF PURITY* 


By W. F. H. M. MOMMAERTSt anp ROBERT G. PARRISHf 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, August 7, 1950) 


The present paper describes a method of preparing crystalline myosin 
without denaturation in a form which appears monodisperse in the ultra- 
centrifuge. 

Actin-free myosin was first crystallized by Szent-Gyérgyi (11). How- 
ever, as was noted by Snellman and Erdés (10) and Weber (13), as well as 
in the present work, this preparation consists usually of two, sometimes 
more, ultracentrifugal components. The present method of preparation 
yields a product which approaches purity. 

In outline, the procedure consists of the simultaneous precipitation of 
myosin and actomyosin from a muscle extract by dialysis, which renders 
most of the actomyosin irreversibly insoluble, precipitation of the remain- 
ing actomyosin, if any, from the redissolved myosin fraction by adjust- 
ment of ionic strength and pH, crystallization of myosin from the super- 
natant solution by dilution with water, and recrystallization by repetition 
of the last operation. 


EXPERIMENTAL 
Methods 


All solutions employed in the preparation were made up with glass- 
distilled water, common distilled water being wholly unsuitable because of 
contamination with heavy metal ions. 

Determinations of protein nitrogen were carried out by the Kjeldahl 
procedure, with K.SO,, a selenium-CuSQ, catalyst, and hydrogen peroxide. 

Ultracentrifugal sedimentation was studied in KCl solutions at pH 6.5 
io 6.8 and at an ionic strength of 0.5. The analytical ultracentrifuge, 
model E, of the Specialized Instruments Corporation, Belmont, California, 
was used at 42,400 or 59,780 r.p.m. 

The technique for measuring light scattering dissymmetry is described 
elsewhere (6). 


* This investigation was supported by a research grant from the National Heart 
Institute of the National Institutes of Health, United States Public Health Service. 

t Established Investigator of the American Heart Association. 

t Predoctoral Fellow, United States Public Health Service. 
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Electrophoretic analyses were performed at 0.3 ionic strength and at 
potential gradients of about 1.0 volt per em. over periods up to 28 hours, | 
Boundaries were photographed by the Longsworth scanning procedure. 
The equipment was constructed by Frank Pearson Associates, New York. 


Description of Method of Preparation 
Preparation of Initial Extract—Adult rabbits weighing about 2 kilos 
are used; they are fasted 1 day in advance and kept in a cold room at 4° 


Preparation of Myosin from Rabbit Muscle 
(I) 1200 ml. extract dialized to ionic strength 0.05; centrifuge 


| 


(II) Discard supernatant fluid Dissolve ppt. in buffered KCl to final 
volume of 400 ml.; ionic strength 0.5; 
pH 6.8 

(111) Add 300 ml. water; centrifuge 

(1V) Dilute supernatant fluid Discard ppt. 


with water to 4 liters; 
centrifuge 


(V) Discard supernatant fluid Dissolve ppt. by addition of 75 ml. 2 m 
KCl and water to 300 ml.; clarify by 
centrifugation; dilute with water to 
3 liters; centrifuge 


(VI) Discard supernatant fluid Dissolve ppt. in desired. medium, e.g. 
0.5 m KCl 


the night before their use. Prolonged experience with experiments in 
warm climates has given us the impression that these measures help in 
preventing failures. 

It is essential that at all stages of the treatment prior to extraction the 
muscles should be perfectly flaccid without spontaneous twitching. This 
has been achieved with rather variable success by means of nembutal 
anesthesia or by means of stunning. Recently, we have come to regard 
magnesium anesthesia (1) as the method of choice, since much more regu- 
lar results are obtained in this manner. 

The anesthetized animals are rapidly bled and skinned. The viscera 
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are removed, and the vertebral column is cut above the anterior attachment 
of the psoas muscle. The remaining part of the body, with dorsal and leg 
muscles intact, is placed without washing in a refrigerator for 15 minutes 
and is then dipped into water and ice. After thorough cooling, the muscles 
are excised and minced once in a cold meat grinder with 3 mm. holes. 
Generally, about 500 gm. of muscle are obtained. — 

The mince is immediately extracted with 3 volumes of cold KCI-Ix< 
phosphate: 0.3 Mm KCI, 0.09 Mm and 0.06 Mm (38). The 
mixture is stirred for 15 minutes, and the extract is then separated by 
straining through gauze and clarified by centrifugation. 

Fractionation—TVhe yield of extract from 500 gm. of muscle usually 
amounts to 1200 ml., and the accompanying diagram applies to. this 
quantity. All operations, particularly those involving precipitation and 
dissolution of the myosin, are conducted at O°. 

Keperimental Details—Successtul precipitation in the first step requires 
a 10- to 12-fold reduction of the ionie concentration of the original extract. 
This is achieved by dialysis without stirring. When carried out for 18 
hours in | inch cellophane tubing against LO volumes of water, the dilution 
of the salts, as measured conductimetrically, is not quite sufficient, ana 
water is added to the extract (usually about 300 ml.). 

To dissolve the first precipitate (Step ml. of 2 Mm and SO 
ml. of a potassium phosphate buffer of tonie strength 0.5 are added in 
order to maintain the plat 6.8. Water is now added to a final volume of 
400 ml. No centrifugation of this solution is necessary, unless one wants 
to observe the result of the subsequent dilution (Step TTT). 

In Steps [IV and V, water is added slowly over an interval of about 15 
minutes, with rapid stirring, to promote the formation of crystalloid 
needles. We employ a spade-shaped stirrer with a 2.5 & 4 inch Lucite 
blade and a stainless steel, Lucite-coated shaft attached to a variable speed 
motor rotating at about 150 r.p.m. | 

The crystallization is carried out at pH! 6.5 to 7.0. Addition of acid to 
establish a pH near the isoelectrié point (about 5.3) hardly enhances the 
vield and increases the danger of denaturation. 

The final precipitates should settle well upon centrifugation and dissolve 
within a few minutes upon the addition of KCl; prior to dissolution, gel 
particles are bluish and translucent; slowly dissolving shreds are indicative 
of denaturation. 

The final solvent is usually pure KCI or buffered KCI, ionic strength 
0.5. pH 6.5 to 7.0 is suitable for storage. In the cold, the protein is 
stable in solution for about I week. 

The yield in the first crystallization averages about 6 gm. Reerystal- 
lization may be effected with 80 to 85 per cent recovery. 
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DISCUSSION 


The process of purification has been followed by means of ultracentrifugal 
analysis. With the given method, the actomyosin content of the initial 
extract Is low, as was reported by Guba and Straub (3). Fig. | shows the 
ultracentrifugal sedimentation pattern of a typical extract, in which the 


Fics. | vo 3. Ultracentrifugal sedimentation diagrams showing the progress of 
the fractionation of myosin, All photographs at 32 minute intervals. Fig. 1 (top 
row), Initial extraet in Guba-Straub solution, diluted I:1 with 0.5 Mm KCL; 59,780 
r.p.m. Fig. 2 (middle row), solution of the first precipitate in 0.5 Mm KCI, pI 6.8; 
42,040 rpm. Fig. 3 (bottom row), solution of first erystalline precipitate in 0.5 mM 
KCI, pH 6.8; 59,780 r.p.m. The curvature of the base-lines is due to sedimentation 
of the KCI. 


peaks of myosin and, to a lesser extent, of actomyosin predominate; none 
of the other muscle proteins are resolved under these conditions. 
Practically all of the actomyosin is removed in the first step of the pro- 
cedure. While actomyosins may be repeatedly precipitated and _ redis- 
solved by changing the salt concentration, it seems that, upon prolonged 
standing in the precipitated condition, actomyosin becomes irreversibly 
insoluble, as was first observed by Szent-Gyérgyi (12). We have based 
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our method upon this phenomenon, but have nevertheless included a sec- 
ond step to remove actomyosin, by precipitating it at ionic strength 0.28, 
pH 6.8. This separation was first developed by Portzehl, Schramm, and 
Weber (8, 9); we consider it preferable to the ammonium sulfate method of 
Dubuisson (2) or the acetate procedure of Hamoir (4). Weber’s step has 
also been found to be applicable for removing certain aggregated forms 
of myosin. In the present method, very little protein precipitates at this 
point. Fig. 2 shows the ultracentrifugal appearance of the preparation 
prior to the precipitation according to Weber, indicating a slight amount 
of heavier material. 

After final removal of the actomyosin and crystallization, boundaries 
which sediment homogeneously are obtained, as illustrated in Fig. 3. 

Criteria of Purity 

Ultracentrifugal Sedimentation—As a first criterion of the purity of the 
preparations, reference is made to the sharp and symmetrical appearance 
of the sedimentation patterns (Fig. 3). To some extent, this homogeneity 
is only apparent because of particle interference in the sedimenting bound- 
ary, arising from molecular asymmetry. Pending the discussion of this 
effect,! we can only state that the preparations are free from the ultra- 
centrifugally detectable inhomogeneities previously reported (10, 13). 

Our preliminary value for the extrapolated sedimentation constant 820, 
is 6.7. This value is distinctly lower than that of 7.2 now current in the 
literature (5, 9, 10, 13). 

Dissymmetry of Scattered Light—-While light scattering studies give no 
information regarding homogeneity, measurements of the dissymmetry of 
the forward and backward scattered light (6) have been routinely employed 
as a means for judging the quality of the preparations. Whereas native 
myosin gives values of the order of 1.5, denaturation or aggregation reveals 
itself in more dissymmetric scattering. 

Electrophoresis—The analyses were performed at three pH values in the 
range 3.0 to 8.6 and at 0.3 ionic strength (0.1 ionic strength being due to 
the buffer salts, the remainder to KCl). Lower salt concentrations would 
permit greater resolution, but solubility requirements impose a lower limit. 
Even at 0.3 ionic strength (except possibly at the more alkaline pH) some 
molecular aggregation seems to occur, as evidenced by turbidity. 

We observe that, notwithstanding the high conductivity of the me- 
dium, the sharpening and spreading effects due to pH changes across the 
boundary are not rendered negligible. The initial salt boundaries, how- 
ever, are suppressed. The high salt concentration and correspondingly 
low mobility do not prevent satisfactory separation, since the low rate of 
diffusion permits prolonged electrophoresis. 


1R.G. Parrish and W. F. H. M. Mommaerts, in preparation. 
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Representative patterns are given in Fig. 4. 


In all cases, heterogeneity 


is evident, to the extent of about 10 to 15 per cent of the total protein. 


Fic. 4, Electrophoretic patterns of crystallized myosin, Ascending boundaries 
on the left, descending boundaries to the right. The short vertical lines on the bases 
of the arrows indicate the positions of the original boundaries. ‘Top row, pH 3.01 
(KCI 0.20 yw, glycine hydrochloric acid buffer 0.10 4); potential gradient, EF =1.03 
volts per cm.; duration 17 hours. Middle row, pH 6.64 (KCI 0.20 yw, potassium phos- 
phate 0.10 4); EF = 1.15 volts per cm.; duration 24 hours. Bottom row, pH 8.61 


(KCI 0.20 yw, sodium veronal 0.10 uw); EF = 1.22 volts per cm.; duration 28 hours. 


In some instances, this may be due to molecular aggregation at this ionic 
strength, but otherwise we have no information regarding its nature. 
Solubility—We have initiated a study of the purity as indicated by phase 
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rule solubility studies (7) at ionic strength 0.1 to 0.15 and at 3.2. Thus 
far, difficulties involving a tendency toward supersaturation in dilute 
systems (Fig. 5) have prevented study of the saturation point. The slight 
slope of the line in the region of large excess of protein is indicative, in the 
given example, of about 1 per cent impurity. Since we cannot yet evalu- 
ate the occurrence of solid solutions, we are not able to discuss the purity 
in absolute terms, nor the discrepancy between the result last mentioned 
and the electrophoretic inhomogeneity. 


Chemical Properties 


After removal of the salt by dialysis, the myosin has been extracted with 
alcohol, chloroform, and ether. Somewhat less than 1 per cent of lipide 
material was removed. The extracted protein contains 16.29 per cent 


00.02 

/ 
0.01 

; 

0.1 0.3 04 


PERCENT PROTEIN, TOTAL 

Fic. 5. Solubility curve of myosin is KCI-K phosphate, pH 6.6°; 0.125 uw. The 
experiment is disturbed by the tendency to form supersaturated solutions (see the 
text). 


nitrogen and 1.03 per cent sulfur (corrected for ash). These results are in 
fair agreement with those of Szent-Gyérgyi (12) on his crystalline myosin 
(16.15 per cent nitrogen and 1.14 per cent sulfur). 


SUMMARY 


A method has been described to prepare myosin from rabbit muscle. 
The procedure assures complete removal of actomyosin and leads to a 
myosin preparation which shows one sharp sedimenting boundary in the 
ultracentrifuge. 

As other criteria of purity, electrophoresis and solubility studies have 
been applied. The preliminary conclusion is reached that the purity of 
the preparation is 85 to 90 per cent. The ultracentrifugal sedimentation 
constant at zero concentration amounts to 6.7 Svedberg units. 
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THE SCATTERING OF LIGHT IN MYOSIN SOLUTIONS 
I. THE ANGULAR DISSYMMETRY AND THE MOLECULAR LENGTH* 


By W. F. H. M. MOMMAERTSfT 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, August 7, 1950) 


Observations on the light-scattering properties of myosin and actomyo- 
sin systems have occasionally been made by the author during the past 
10 years and some of the results have been briefly published (3, 
5). Quantitative interpretations were never attempted, because of the 
variable properties of the preparations and the lack of a theoretical foun- 
dation for the treatment of the phenomena met with in systems of this 
nature. 

A new effort is made possible by the recent developments in the theory 
of light scattering initiated by Debye (2) and by the availability of myo- 
sin in a form which appears homogeneous and well defined (7). 

The present paper describes the measurement of the ratio of the inten- 
sities of the forward and backward scattered light and the calculation of 
the molecular length from this ratio. 


Theory 


Reference to the review on light scattering by Oster (8) can replace 
extensive discussion of the theoretical treatment of the scattering of light 
by a solution of rod-shaped molecules, one dimension of which approaches 
the wave-length of the light employed. 

It may be remarked that, for very small particles, the scattering is 
proportional to the particle volume. If the particles are larger, however, 
waves originating from their proximal and distal parts will interfere. 
This will not significantly affect the forward scattered light, but reduces 
the backward scattered radiation more appreciably. The theory of Debye 
((2); Oster (8)) allows the calculation of the angular intensity distribution 
of the light scattered by particles, one dimension of which is commen- 
surate with the wave-length. The theory is most readily applicable in 
the form derived by Oster et al. (8, 9), who have given graphs relating the 
scattering dissymmetry to the characteristic particle dimension for spher- 
ical, coiled, or rod-shaped particles. 


* This investigation was supported by a research grant from the National Heart 
Institute of the National Institutes of Health, United States Public Health Service. 
t Established Investigator of the American Heart Association. 
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We shall accept the view that the myosin molecule is rod-shaped (6) 
and calculate its length from the measured dissymmetry values. 


EXPERIMENTAL 
Technique of Optical Measurements 


The direction of the scattered light will be indicated by the angle it 
makes in the horizontal plane with the direction of the transmitted part 
of the primary beam. The ratio of the intensities of the light scattered 
at 45° (forward) and 135° (backward) will be called the dissymmetry or 
angular dissymmetry. 

For the determination of this ratio, the protein solution was contained 
in a hexagonal prismatic cell of fused glass, having oblique windows placed 
as indicated in Fig. 1. 


40mm. 


INCIDENT BEAM i2mm.|| 


135° 45° 


Fic. 1. Scheme of the apparatus for the measurement of the angular dissym- 
metry. For an explanation, see the text. 


The measurements were carried out in the scattering photometer de- 
signed by Brice et al. (1, 10). The light source was an AH-3 high pres- 
sure mercury arc, used in combination with filters to isolate the blue or 
green lines. The light was rendered parallel and entered the cuvette as a 
beam of rectangular cross-section, 15 mm. high and 12 mm. deep. The 
scattered light was recorded by a 1-P-21 electron multiplier phototube 
connected with a galvanometer.! The measurements were performed 
with two positions of the cuvette, rotated through 180° with respect to 
each other, as a protection against small errors due to inaccurate align- 
ment. 

It was not possible to align the instrument in such a manner that pure 
water gave a completely symmetrical scattering. This must be ascribed 
to spurious radiations of various origins in the instrument. Corrections 
were applied by subtracting from each reading the corresponding readings 


‘The photometer and cuvettes were constructed by the Phoenix Precision In- 
strument Company, Philadelphia. 
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made with the cell filled with solvents. These corrections were negligible 
for concentrated myosin solutions, but affected the results in dilute solu- 
tions. It is not known whether the same conditions prevail with the cell 
containing solute as when only solvent is present; thus at concentrations 
below 0.1 per cent the second decimal places are uncertain. Control 
determinations made on the silica suspension Ludox? gave symmetrical 
scattering within the limits of accuracy of the measurements. 


Preparation and Handling of Myosin Solution 


Myosin was prepared in crystalline form by the method developed by 
Mommaerts and Parrish (7).2 The homogeneity of the preparations was 
tested by means of the ultracentrifuge; only monodisperse preparations 
were utilized for the optical measurements. 

Great care was exerted to avoid falsification of the results by submicro- 
scopic particulate matter from the muscle and by trivial dust. Myosin 
solutions do not lend themselves to filtration through fine fritted glass 
filters. Dust was therefore removed by means of ultracentrifugation. 

The most effective removal of particulate matter was achieved at that 
step of the preparation (7) at which remaining actomyosin is precipitated 
at ionic strength 0.30 and pH 6.7. At this step, the solutions were cen- 
trifuged for 1 hour at 20,000 r.p.m., which resulted in complete removal of 
suspended matter, embedded in the precipitating protein gel. Since the 
amount of actomyosin precipitating at this step is usually small, the ionic 
strength was sometimes reduced to 0.25 and the pH to 6.5. A significant 
amount of myosin would then precipitate, insuring clarification of the 
supernatant fluid. Prior to the measurement, the solutions were centri- 
fuged for 1 hour at 10,000 r.p.m. From the centrifuge tubes, the solu- 
tions were transferred to the cuvette by careful pouring; the standard 
bacteriological precautions to prevent introduction of dust were observed. 


Results 


The main series of measurements was performed on myosin prepara- 
tions dissolved in KCl-phosphate solutions of ionic strength 0.5, pH 6.5 
to 6.8. The solution was usually 0.4 mM with respect to KCl and con- 
tained KH,PO, and K,HPO, in equimolar proportion to bring the ionic 
strength to 0.5. In some experiments, however, unbuffered KCl was 
used, whereas in others one-half of the ionic strength was due to the 
phosphates. Such variations cause changes in the measured turbidities, 


2 Kindly made available by E. I. du Pont de Nemours and Company, Inc., Cleve- 
land, Ohio. Dr. J. T. Edsall directed the author’s attention to this substance. 

*Mr. R. G. Parrish cooperated in the preparation of the samples used for the 
measurements. 
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concomitant with the varied refractive index of the solvent. They did 
not, however, affect the dissymmetry measurements. 

Fig. 2 represents typical measurements on four different preparations 
for the blue and green lines of the mercury arc. Extrapolation to zero 
concentration gives values of 1.60 and 1.42 for the dissymmetries meas- 
ured with the blue and green light, respectively. These values result 
from the extrapolation made in Fig. 2%. 

In order to investigate whether the observed optical characteristics are 
to any extent still determined by contaminating dust, the following ex- 
periment was carried out. The composition of a myosin solution was 
adjusted to ionic strength 0.25 and pH 6.5. A considerable fraction of the 
myosin aggregates under these circumstances. This was separated by 


+ 


T 


0.4 
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Fic. 2. Dependence of the angular dissymmetry, 1[45°/J135°, on the concentration 
of the protein. Upper curve, measurements in blue light; lower curve, measure- 
ments in green light. The different symbols refer to different preparations. 


ultracentrifugation as a clear jelly, which would have contained any heavy 
matter present. Myosin was now recrystallized both from the super- 
natant solution and from the jelly. The light-scattering properties of 
both preparations were identical, showing that. heavy particles could not 
have contributed to the results. 


DISCUSSION 


As described in the preceding section, the angular dissymmetry of the 
scattering in myosin solutions amounts to about 1.60 for the blue and 
1.40 to 1.45 for the green light of the mercury arc. The effective wave- 
lengths of these radiations in the media employed amount to 3220 and 4080 
A, respectively, and, from the measured dissymmetries, particle lengths 
of 1500 + 100 A are calculated. These values for the molecular length 
are found in the standard KCl-phosphate medium of 0.5 ionic strength, 
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pH. 6.6, in which the molecules seem to be well defined. The effect of the 
composition of the medium upon the light-scattering properties requires 
further investigation. 

The dissymmetry of the light scattering is a sensitive property of myo- 
sin. Early stages of denaturation, before being evidenced by a loss in 
solubility, cause a rise of the dissymmetry toward the value 2.3, which 
is the limiting value for rigid rods. Sometimes this value is surpassed. 
These unsystematic observations indicate an increased length through 
aggregation or unfolding. In the early part of this work, such denatura- 
tions were frequently observed after pouring the solutions, but later a 
technique was developed to avoid such surface denaturation. 

The measurements at two different wave-lengths give the same value 
for the molecular length within the limits of error. Since this result is 
obtained by application of the formula for cylindrical rods, it may be con- 
cluded that the assumption of a rod-shaped myosin molecule is approxi- 
mately adequate. However, the range of variation of the wave-length is 
not sufficiently broad to make this experimental argument especially 
significant. An extension of these measurements to a wider spectral range 
will be attempted. 

The molecular length of the myosin resulting from these investigations 
is much less than that proposed previously by the author (4) on the basis 
of viscosity and birefringence measurements. At that time, the length was 
greatly overestimated, since the presence of actomyosin was not recog- 
nized. Further investigations on pure myosin by a variety of physical 
methods are in progress. 


SUMMARY 


By employing apparently monodisperse myosin solutions, the angular 
dissymmetry of light scattering has been measured at two wave-lengths. 
The results are compatible with the assumption that the myosin molecule 
is rod-shaped and has a molecular length of 1500 A. 
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REVERSIBLE POLYMERIZATION AND ULTRACENTRIFUGAL 
PURIFICATION OF ACTIN* 


By W. F. H. M. MOMMAERTSt 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, August 7, 1950) 


Actin is the second major structure protein of muscle. It is character- 
ized by its ability to combine with myosin and to occur in two forms, 
globular and fibrous actin (9, 10, 3), which are indicated as G- and F- 
actin. The transition of G- into F-actin is brought about by addition of 
salt at neutral or weakly alkaline reaction (9, 10, 4). 

The present paper describes a method of purifying actin by preparative 
ultracentrifugation of the fibrous protein, depolymerization of the sedi- 
mented and redissolved product, and repetition of this procedure. In 
the development of this method, it was found that reversible depolymeriza- 
tion is possible only in the presence of adenosinetriphosphate. 


EXPERIMENTAL 
Methods 


The major method employed in this work was preparative ultracentrifu- 
gation. This was carried out in a rotor of the angle type, with twelve 
individual tubes having a total capacity of 150 ml., at 38,000 to 40,000 
r.p.m. The tubes were placed at an angle of 64° with respect to the hori- 
zontal plane. The average radius of rotation was 5.5 cm.; the path of 
sedimentation from wall to wall along the diameter was 1.7 cm.; the ac- 
celeration in the middle of each tube amounted to about 140,000 x g in 
the indicated range of speeds. Acceleration required 4 minutes. This 
equipment (model L) was built by the Specialized Instruments Corpora- 
tion, Belmont, California. 

Protein nitrogen was determined by Kjeldahl analysis, with K,SO, and 
a CuSO,-selenium catalyst, and hydrogen peroxide towards the end of the 
digestion. A nitrogen content of 16 per cent was assumed in the case of 
unidentified proteins. Perchloric acid (5) was used as a protein precipi- 
tant to separate proteins from nucleotides in order to permit ultraviolet 
spectrophotometry of the supernatant solutions. 


* This investigation was supported by a research grant from the National Heart 
Institute of the National Institutes of Health, United States Public Health Service. 
+ Established Investigator of the American Heart Association. 
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Ultraviolet absorption spectra were determined in the Beckman quartz 
spectrophotometer, with cells of 10 mm. in optical depth. 

The ATP used was a commercial preparation of the barium salt (sup- 
plied by the Sigma Chemical Company, St. Louis, Missouri). It was 
dissolved in the calculated amount of HCl, converted into the sodium salt, 
and freed of heavy metal impurities, by means of the cation exchange resin 
Amberlite IR-100 (6). 

Crude actin solutions were prepared by extracting, with a 20-fold amount 
of water, the acetone powder of muscle prepared according to Straub 
(10) and Szent-Gyérgyi (12). 

The transition of G- to F-actin was effected at an initial pH! of 7.5 
to 8.5 by addition of KCl to a concentration of 0.1m. The polymerization 


was judged qualitatively by observation of the birefringence appearing ~ 


upon gently swirling a 1 cm. layer of solution in a 30 ml. beaker. Bire- 
fringence is very strong, and, in thicker layers and more concentrated 
solutions than those usually employed, extinction colors can be seen. 


Basic Observations 


Since, as will be shown in a forthcoming ultracentrifugal study ,? polymer- 
ized actin has a sedimentation constant above 50 X 107!%, as compared tov 
about 4 10-" for the accompanying impurities, centrifugal i 
may be expected to be successful. 

When a solution of crude actin, after polymerization, is spun for 1 hour 
by the technique described, the supernatant solution is devoid of any 
birefringence. A small translucent pellet at the bottom of the tube con- 
tains the polymerized actin in a concentration of 5 to 10 per cent. If the 
pellet is disintegrated in 0.1 m KCl, its dissolution is extremely slow. 
After about 1 month in the cold, a major part of the gel has dissolved. 
The solution remains birefringent throughout this period. 

Upon suspension of the pellet in water, dissolution proceeds more rapidly, 
and, after standing, the solution is no longer birefringent. The time re- 
quired for this transition, depending on the pH and other factors, amounts 
to several hours. Renewed addition of salt to the solution does not causé 
repolymerization, even if magnesium, calcium, or ATP, singly or in com- 
bination, is added.! Hence, the depolymerization is irreversible. 

If the pellet is dissolved in water containing ATP (100 mg. of ATP to 
400 mg. of protein is a safe excess), dissolution and depolymerization are’ 
slower and require 1 to 2 days at pH 9. After the protein has returned to 
the globular state, addition of salt causes polymerization. Hence, ATP 
is required for reversible depolymerization. 


1 Mommaerts, W. F. H. M., and Khairallah, P., manuscript in preparation. 
2 Mommaerts, W. F. H. M., and Parrish, R. G., manuscript in preparation. 
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Purification of Actin € 


Identity of Actin—Actin is the protein which, under influence of salt at — 
neutral or weakly alkaline reaction, polymerizes from a globular into a 
fibrous form, with a concomitant increase in ultracentrifugal sedimentation 
velocity. Therefore, actin will be defined as the protein which, in a suit- 
able electrolyte medium, becomes sedimentable in the centrifugal field em- 
ployed. The protein thus identified has been regarded as pure actin in 
this work. It remains to be determined whether it represents a pure pro- 
tein in the usual sense, or whether F-actin is a copolymer of several protein 
components. 

Purity of Crude Preparations—Applying the above criterion, we tested 
the purity of actin in extracts prepared according to Straub (10). After 
inappropriate storage of the acetone powder, the polymerizing tendency of 
the resulting actin solution is decreased. It can then frequently be re- 
stored by dissolving ATP in the water used for extraction. Fresh prepa- 
rations, or powders stored in perfectly dry condition, do not require ad- 
‘tion of ATP. 

The pH of the crude extract is adjusted to 8.0 + 0.5, and KCl is added 

)a concentration of 0.1 m. After standing for several hours, the solution 
3ultracentrifuged. The protein contents of the pellet and of the superna- 
tant solution are then determined; e.g., 48 ml. of extract centrifuged at 
40,000 r.p.m. for 1 hour, 47 ml. of supernatant solution, 1.20 mg. of pro- 
tein per ml., total 56 mg. of protein; sediment dissolved to 15 ml., 1.60 mg. 
of protein per ml., total 24.0 mg. of protein. Hence, 30 per cent of the 
protein became sedimentable under the influence of the added salt. 

Experiments of this nature have shown, assuming that the sedimenta- 
tion under the given conditions is not quite complete, that the purity of 
good preparations is of the order of 40 per cent. 

Purification of Actin—The given example is illustrative for the method 
and its results. Some denaturation frequently occurs during the dissolu- 
tion of the pellet, with the result that a fraction of the protein remains 
insoluble. The reason for this has not yet been discovered. 

Effect of Polydispersity—It will be observed that after purification a 
small fraction of the protein does not sediment under the standard con- 
ditions. This is not due to remaining impurities, and only partly, if at all, 
‘to partial inactivation of the protein. Further ultracentrifugation de- 
creases the quantity of protein remaining in the supernatant solution. The 
explanation is that the polymerized protein is strongly heterodisperse.* 
For the purpose of purification, the slower sedimenting part is sacrificed to 
obtain sharper separation from the slowly sedimenting impurities. 


> Mommaerts, W. F. H. M., and Parrish, R. G., manuscript in preparation. 
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Purification of Actin 


Crude solution 450 ml., 1300 mg. protein; polymerized at pH 8 with 0.1 m KCl; ultra. 
centrifuged for 1 hr. 


Supernatant fluid with 930 Sediment dissolved in 100 ml. water 
mg. protein with 100 mg. ATP; dialyzed 40 hrs. 
vs. 400 ml. water with 15 mg. ATP: 

11.9 mg. insoluble protein; 360 mg. 

dissolved protein; polymerized with 


KCl 
270 mg. protein in 120 ml.; ultracentri- 
fuged 1 hr. 
Supernatant fluid with 45.6 Sediment dissolved in 100 ml. water 
mg. protein with 60 mg. ATP and dialyzed as be- 
fore; 17.0 mg. insoluble protein; 200 
Ultracentrifuged 2 hrs. ; su- mg. dissolved protein; polymerized 
pernatant with 15.4 mg. with KCl 
protein 
150 mg. protein in 96 ml.; ultracentri- 
fuged 1 hr. 
Supernatant fluid with 26.3 Sediment dissolved in water; 22 mg. in- 
mg. protein soluble protein; 99.8 mg. dissolved 
protein 


Ultracentrifuged 2 hrs. ; su- 
pernatant fluid with 18.7 
mg. protein 


Réle of Nucleotides 


Occurrence of Nucleotide in Original Extract—The previous experiments 
show the necessity of ATP for the transition of G- to F-actin. Yet, it is 
not necessary to add ATP to the extract of the acetone powder. The 
assumption is obvious that ATP, or another nucleotide, is present in the 
crude extract. In view of the large number of washings to which the 
minced muscle is subjected in the preparation of the acetone powder, this 
assumption needs corroboration. To this end, ultraviolet absorption 
spectra were measured. 

In Fig. 1 absorption spectra of the extract are given, corrected for the 
dilutions to which the samples were subjected. The spectrum of the whole 
extract allows no conclusions, but, after deproteinization with perchloric 
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Fig. 1. Ultraviolet absorption spectra of an initial extract after ultracentrifugal 
removal of the actin. Curve I, spectrum of the whole extract; Curve II, spectrum 
after removal of the protein; Curve III, spectrum of the protein (by difference). 


A.U. 

Fig. 2. Ultraviolet absorption spectra of purified actin with excess ATP after a 
centrifugal sedimentation of the actin. Curve I, spectrum of the supernatant solu- 
tion; Curves IT, III, and IV, spectra of the solutions of the sediment, Curve II as 
such, Curve III after deproteinization, Curve IV spectrum of the protein (by differ- 
ence). 
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acid, a spectrum typical of an adenine compound appears. The protein 
spectrum, resulting from graphical subtraction, is typical for average pro- 
teins (maximum at 2800 A; optical density 5.6 at the wave-length of maxi- 
mum absorption for 1 per cent protein concentration). 

The value of the extinction at the maximum of the adenine spectrum, 
assuming (1) a value of 1.50 * 104 for the molar extinction coefficient, 
suggests a concentration of about 75 mg. of ATP per liter of extract. 
However, the substance has not yet been definitely identified as ATP. 

Distribution of Nucleotides in Centrifugal Separation—Fig. 2 gives the 
spectra of the deproteinized supernatant solution of an ultracentrifugal 
separation experiment with a pure preparation and of the sediment after 
dissolution into the original volume. Of the large excess of ATP added, 


the major part remains in the supernatant solution. The amount con- . 


tained in the sediment, however, is more than can be accounted for as due 
to inclusion of fluid in the pellet. Therefore, a binding of ATP by F-actin 
occurs, which is being investigated at present. 


Preliminary Analysis of Actin 


Actin was purified by 3-fold repetition of the sedimentation and de- 
polymerization procedure. After the last separation, the protein was 
dissolved in water and dialyzed. The pH of the solution was then 
adjusted to 4.5 to precipitate the protein. The precipitate was washed 
with water and dried with alcohol and ether. It contained 14.6 per cent 
nitrogen and 1.37 per cent sulfur (corrected for ash). 


DISCUSSION 


The two main results of the present work are the purification of actin 
and the demonstration that ATP, or an adenosine nucleotide which can be 
replaced by ATP, is essential for its polymerization. 

Purification of actin had not been achieved previously. ‘The results of 
this investigation show that preparations made by Straub’s method may 
be up to 40 per cent pure. On the basis of indirect evidence, a higher de- 
gree of purity has been estimated by Spicer and Gergely (8). A claim for 
purification has been made by Price (7), but his descriptions are at variance 
with known properties of this protein. At present, the purity of actin is 
judged from its ultracentrifugal sedimentation after polymerization, by 
which complete purity is suggested. Other criteria will be applied in future 
work. 

The present study has yielded an independent confirmation of the neces- 
sity of ATP for the polymerization of actin. Indications for the participa- 
tion of ATP in the molecular transformations have been found before.! 
However, the capacity to polymerize could not be restored after removal 
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of ATP. It appears now that ATP must be present in the actin solution at 
all times; otherwise the protein loses its specific properties irreversibly. 
This was first found in the recent work of Straub and Feuer (11) and of 
Laki et al. (2), and it was only after their significant discovery that the 
present investigation became successful. 

The relation between the réle of ATP in the polymerization of actin 
and the effect of ATP on actomyosin (4) remains to be investigated. 


SUMMARY 


Polymerized actin can be separated from accompanying proteins by 
ultracentrifugation. The separated actin, after dissolution and depoly- 
merization in water, does not polymerize again upon addition of salt, 
unless ATP is present during the entire depolymerization process. 

The properties have been used to achieve apparently complete purifica- 
tion of actin by repeated polymerization, ultracentrifugation, and de- 
polymerization. 
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METABOLIC PRODUCTS OF THE CINCHONA ALKALOIDS 
IN HUMAN URINE* 


By BERNARD B. BRODIE,t JOHN E. BAER,{ anp LYMAN C. CRAIG 


(From the Research Service, Third (New York University) Medical Division, Goldwater 
Memorial Hospital, and the Department of Biochemistry, New York University 
College of Medicine, New York, New York, the National Heart Institute, 
National Institutes of Health, Bethesda, Maryland, and The Rockefeller 
Institute for Medical Research, New York, New York) 


(Received for publication, August 14, 1950) 


In spite of the wide use of quinine in the treatment of malaria, and of 
quinidine in the therapy of cardiac arrhythmias, little information exists 
concerning the metabolic fate of the cinchona alkaloids administered to‘ 
man. As early as 1869, Kerner (1) isolated from the urine of subjects 
receiving quinine a substance thought to be quinetine, a derivative of 
quinine in which the vinyl side chain of the quinuclidine nucleus has been 
oxidized to a carboxyl group. Halberkann (2) suggested that the com- 
pound was not a metabolite of quinine but had been formed by oxidation 
during the analytical procedure. Nierenstein (3) also claimed to have 
isolated quinetine from the urine of a single subject receiving quinine. 
In addition this investigator isolated from the urine of subjects with 
blackwater fever a product that exhibited marked hemolytic properties 
for red blood cells and that appeared to account for the symptoms of the 
disease (4). This substance, hemoquinic acid, was characterized as 6- 
methoxyquinoline-4-ketocarboxylic acid. Lipkin (5) obtained a product 
by incubation of quinine with minced sheep liver which, on the basis of 
its chemical properties, he considered quinetine. 

Kelsey, Geiling, Oldham, and Dearborn (6) isolated a different type of 
metabolic product when quinine was incubated with rabbit liver. This 
derivative was a phenol whose structure was characterized by Mead and 
Koepfli (7) as a carbostyril in which the quinoline nucleus had been oxi- 
dized in position 2. 

* Part of the work described in this paper was done under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and New York University. A portion of the work was 
presented at the meetings of the Federation of American Societies for Experimental 
Biology, March, 1946 (Federation Proc., 5, 168 (1946)) and was also discussed in a 
Harvey Lecture by Dr. James A. Shannon, October 25, 1945. 


t Present address, National Heart Institute, National Institutes of Health, 
Bethesda, Maryland. 


t Present address, Carleton College, Northfield, Minnesota. 
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Recent studies on the excretion of the cinchona alkaloids have shown 
that quinine, quinidine, cinchonine, and cinchonidine are extensively me- 
tabolized in man, only a small fraction of the ingested drugs being excreted 
unchanged in the urine (8, 9). In the development of analytical methods 
for the estimation of the drugs in biological fluids, the existence of meta- 
bolic products was observed, and some of their solubility characteristics 
were noted (10). This observation led to the present work, which is 
concerned with the isolation and the elucidation of the structure of certain 
metabolic products of quinine, quinidine, cinchonine, and cinchonidine. 


Procedures 


Experience has shown that, as a rule, basic organic compounds are 
metabolized in the body to substances which are more water-soluble than 
the parent compounds and, therefore,.have lower partition ratios in 
organic solvent-water systems. Their differential partition ratios have 
been exploited to fractionate the cinchona alkaloids and the various meta- 
bolic transformation products that are excreted in urine. First, the parent 
drug was extracted from an aqueous phase with the relatively non-polar 
solvent, heptane, which left behind all or a considerable fraction of the 
more water-soluble metabolic products. Following this, alkaloidal ma- 
terial was extracted from the aqueous phase with solvents of progressively 
increasing polarity, whereby a rough fractionation of the metabolic prod- 
ucts was achieved. The extracted material in the various solvent phases 
was usually returned to an aqueous acid phase preparatory to counter- 
current distribution. ‘The organic bases in such a polar solvent as isoamyl] 
alcohol can be returned quantitatively to an aqueous phase by decreasing 
the polarity of the solvent by the addition of heptane. 

Further fractionation of the metabolites was effected. by counter-current 
distribution, by means of a separatory funnel technique involving eight 
transfers (11). In general, isoamy] alcohol, containing various amounts of 
heptane, and an aqueous buffer (1 mM phosphate or 0.6 m borate or a mix- 
ture of both) were used as the two immiscible phases. Both phases were 
previously saturated one with the other. For the most effective distribu- 
tion of a substance it should be distributed about equally between the two 
phases. This is commonly achieved by adjusting the pH of the aqueous 
phase. It was desirable to work at a low pH so as to permit the use of 
high concentrations of the organic bases under study. The partition 
ratio was adjusted, therefore, by varying the polarity of the organic 
solvent phase, usually by suitable adjustment of the proportion of isoamyl 
alcohol to heptane. After distribution, the partition ratio of the material 
in each separatory funnel was determined by measuring the total concen- 
tration of cinchona alkaloids in each phase, as described below. The 
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contents of separatory funnels with similar partition ratios in a given run 
were then pooled. The aqueous phase of the pooled sample was alkalized 
with ammonium hydroxide and the total cinchona material transferred to 
the organic phase by shaking. Further purification involved a transfer to 
a small acid phase, followed by further counter-current distribution, or by 
the evaporation of the solvent to dryness and recrystallization from 
appropriate solvents. 

Spectrophotometric measurements of the alkaloidal material were made 
in dilute sulfuric acid by means of the Beckman quartz spectrophotometer. 
Aqueous phases were analyzed by measurements of an aliquot which had 
been diluted with 0.1 N sulfuric acid; organic phases after extraction of an 
aliquot into 0.1 N sulfuric acid. The initial assumption made was that 
the absorption spectra of the cinchona metabolites and the parent com- 
pounds are not far different, an approximation subsequently shown to be 
valid and very useful. The measurements for the quinine and quinidine 
products were made therefore at 350 mu, while those for cinchonine and 
cinchonidine were made at 315 mu. 

The basic dissociation constants of some of the metabolites were meas- 
ured and are expressed as the pH of the half neutralized base (pK,). 

The melting points were determined on the micro hot stage melting 
point apparatus unless otherwise stated. 


EXPERIMENTAL 
Cinchonine 


15 liters of urine from subjects who had received cinchonine orally were 
made ammoniacal and extracted, first with ether, then with isoamyl 
alcohol. The ether-soluble material was returned to a small volume of 
dilute acid, and the acid phase was made ammoniacal and extracted 
several times with heptane. The cinchona material remaining in the 
aummoniacal aqueous phase was then extracted with ether. 

The heptane phase was shaken with 2.56 N NaOH, which served to 
remove a small amount of material which had amphoteric properties. 
The alkaline phase was neutralized with acid, then ammonium hydroxide 
was added, and the amphoteric material (weakly acid and basic) extracted 
into ether. This ether extract was added to the main ether fraction. 

Heptane Fraction (0.2 Gm.)—A counter-current distribution of the ma- 
terial between buffer at pH 5.8 and 10 per cent isoamy] alcohol-heptane 
yielded two fractions. One had the properties of cinchonine; its partition 
ratio in the above two-phase system and its absorption curve in 0.1 N 
H.SO, (Fig. 1) were almost identical with those of cinchonine. The other 
fraction, which was highly fluorescent in 0.1 N H.SO,, was distributed in 


| | 
a- 
Cs 
is 
in 
re 
in | 
in 
re 
a- 
t 
ar 
e 
y 
aS 
yl 
g 
it 
of 
x- 
re | 
l- 
Is 
of 
n 
ic 
yl 
al 
e 


570 CINCHONA ALKALOIDS 


the system heptane-buffer at pH 11.5. Crystallization of the material in 
the middle funnels from chloroform-acetone yielded needles and leaflets, 
melting at 174-179°; reported melting point for quinine 174.5-175° (12). 
The cinchonine administered to the subjects was found, on the basis of 
its fluorescence and its absorption at 360 muy, to contain quinine as an 
impurity to the extent of about 10 per cent. It was presumed, therefore, 
that the quinine found in the urine originated from the quinine present as 
an impurity in the ingested cinchonine. : 
Ether Fraction (8 Gm.)—Three successive counter-current distributions 
between buffer at pH 4.1 and isoamyl alcohol were carried out. The 
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Fic. 1. The absorption spectra of cinchonine (broken line), cinchonine carbostyril 
(solid line), and oxidized cinchonine carbostyril (dotted line). The substances 
were dissolved in 0.1 n H,SO, at a concentration of 10 y per ml. Cell thickness, 1 cm. 


major fraction was taken into a small volume of acid, and ammonium 
hydroxide was added, yielding a white precipitate; m.p. 268-270°. Re- 
crystallization of a small amount of material from methanol yielded 
rhombic crystals; m.p. 271-273°. The basic dissociation constants were 
found to be as follows: pK,’, 8.34 (in 28 per cent ethanol); pK,”, 3.11 
(in water). The solubility of the compound in alkali was suggestive of a 
phenolic compound. 


Calculated. C 73.51, H 7.14 
Found. “73.44 “7.12 


The analysis indicates that the compound has 1 more oxygen atom than 
cinchonine. The absorption spectrum in 0.1 n H.SO, was distinctly 
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different from that of cinchonine (Fig. 1). Thus it appears that the 
additional oxygen is in the quinoline ring, since its presence in the qui- 
nuclidine moiety presumably would result in a negligible alteration of the 
absorption curve. A sample of the compound was submitted to Dr. J. B. 
Koepfli of the California Institute of Technology, who characterized it as 
the carbostyril, 2-hydroxycinchonine (2’-hydroxy-3-vinylruban-9-ol).! 

Isoamyl Alcohol Fraction (2.6 Gm.)—A counter-current distribution of 
this material in the system isoamy] alcohol-buffer at pH 4.7 showed two 
components. The component favoring the alcohol phase was found to be 
residual carbostyril analogue which had not been completely extracted 
by ether. The principal component was purified by a counter-current 
distribution in isoamy] alcohol-buffer at pH 6.3. Material in the middle 
funnels was recrystallized from chloroform-petroleum, ether. The sub- 
stance was further purified by a counter-current distribution in the system 
30 per cent butanol-cyclohexane-buffer at pH 6.6. The material in funnels 
2 to 6 was recrystallized from methanol-acetone and yielded rosettes of 
needles; m.p. 278-279°. 


Calculated. C 69.90, H 6.80 
Found. ** 69.50, ‘‘ 7.07 


The compound appears to be a derivative of cinchonine containing 2 
additional oxygen atoms. The absorption curve of the material in 0.1 N 
H.SO, was found to be almost identical with that of the carbostyril ana- 
logue described above (Fig. 1). Therefore, the compound appears to be 
cinchonine carbostyril with an additional oxygen atom located in the 
quinuclidine moiety where its presence would not appreciably influence 
the absorption curve. The basic dissociation constants were pK,’ 7.65, 
pK,” 2.76 (both in water). A monopicrate prepared in acetone and re- 
crystallized from the same solvent melted at 283-286°. 


2- CeH307N3. 
Calculated. C 54.04, H 4.54 
Found. 54.24, ‘* 4.32 


Cinchonidine 
22 liters of urine from patients who had received cinchonidine orally 
were adjusted to pH 10 and extracted twice with isoamy] alcohol. The 
alcohol extract contained about 6.5 gm. of cinchona material, estimated 


spectrophotometrically. The alkaloidal material was extracted into a 
small volume of acid, and the acid was adjusted to a pH of 10 and ex- 


1 Koepfli, J. B., unpublished work. 
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tracted, successively, four times with heptane, seven times with ether, and 
twice with isoamyl] alcohol. The heptane phase was extracted with 2.5 N 
NaOH, which served to remove a small amount of material which had 
amphoteric properties. The alkaline phase was adjusted to pH 10 and 
the amphoteric material extracted into ether. This ether extract was 
added to the main ether fraction. 

Heptane Fraction (0.7 Gm.)—A counter-current distribution in the sys- 
tem 18 per cent isoamy] alcohol-heptane-buffer at pH 6.0 was carried out. 
The material in the middle funnels was taken into 0.1 N sulfuric acid. 
The absorption spectrum of the material was almost identical with that of 
a known sample of cinchonidine (Fig. 2). Further evidence that the com- 
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Fig. 2. The absorption spectra of cinchonidine (broken line), cinchonidine carbo- 
styril (solid line), and oxidized cinchonidine carbostyril (dotted line). The sub- 
stances were dissolved in0.1 N H2SQ, at a concentration of 10 y per ml. Cell thick- 
ness 1 cm. 


pound was cinchonidine was obtained by comparing its partition ratios in 
ethylene dichloride-water at various pH levels with those of authentic 
cinchonidine; these were found to be almost identical. 

Ether Fraction (3.0 Gm.)—An aliquot of this fraction was subjected to 
two counter-current distributions in the system 60 per cent isoamyl 
alcohol-heptane-buffer at pH 5.9. Funnels 3 to 7 contained 520 mg. of 
product, which was precipitated from a small volume of acid with am- 
monia to yield 190 mg. of white crystals; m.p. 222-229°. A distribution 
in buffer at pH 6.88 and chloroform indicated that the substance was of 
high purity. Material from the middle funnels of this distribution was 
recrystallized from methanol-water. The compound almost completely 
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melted at 160° and resolidified to melt at 220°, a few well formed square- 
ended needles persisting to 227°. 


¢. 
Calculated. C 73.51, H 7.14 
Found. “73.52, “7.18 


The analysis indicates that the compound contains 1 more oxygen atom 
than cinchonidine. The absorption spectrum of the compound (Fig. 2) 
was found to be almost identical with that of the carbostyril metabolite of 
cinchonine. The compound was soluble in alkali as well as acid, sug- 
gestive of a phenolic basic compound. It would appear, therefore, that 
this compound is the carbostyril of cinchonidine, 2-hydroxycinchonidine. 

Isoamyl Alcohol Fraction (0.6 Gm.)—This fraction was colored by uri- 
nary pigments. Four counter-current distributions in isoamyl] alcohol- 
buffer at pH 5.9 were required to remove all coloration from the major 
component. Material from Funnels 3 to 7 was recrystallized slowly from 
chloroform-petroleum ether to yield a substance which lost its double 
refraction at 227° and melted at 230°; the melting point was not sharp. 
It was not possible to prepare a crystalline gold salt with chloroauric 
acid. 


Analysts—CgH2203N 2. 
Calculated. C 69.90, H 6.80 
Found. 68.32, 6.56 


The analytical data indicate that the compound is still impure. The 
absorption curve (Fig. 2) was almost identical with that of the carbostyril, 
2-hydroxycinchonidine. The solubility properties and oxygen content 
would suggest that the chief component is the carbostyril of cinchonidine 
further oxidized in the quinuclidine ring, an isomer of the more highly 
oxidized cinchonine carbostyril. 


Quinine 
48 liters of urine of subjects who had received quinine orally were ad- 
justed to pH 10 and exhaustively extracted with ether. The alkaloidal 
material was returned to an aqueous acid which, after the addition of 
ammonia, was successively extracted several times with heptane, then 
with chloroform, and finally with isoamy] alcohol. 
Heptane Fraction (3.8 Gm.)—A small aliquot was distributed in 30 per 


cent isoamy] alcohol-heptane buffer at pH 4.95. The material was found 
to be essentially pure and to have the same partition ratio in this system 
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as quinine. Its absorption curve was almost identical with that of au- 
thentic quinine (Fig. 3). The partition coefficients of the substance and 
authentic quinine between ethylene dichloride and water at various pH 
values were compared and found to be almost the same. In view of the 
above data, the substance was considered to be unchanged quinine. 
Chloroform Fraction—The chloroform extract was shaken with alkali to 
remove phenolic material. In the case of cinchonine and cinchonidine 
the only organic-soluble metabolic products excreted into the urine were 
phenolic. However, with quinine, a considerable chloroform-soluble, non- 
phenolic fraction (3.4 gm.) was apparent. This material represented the 
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Fic. 3. The absorption spectra of quinine (solid line) and monohydroxy (dotted 
line) and dihydroxy (broken line) non-phenolic metabolites of quinine. The sub- 
stances were dissolved in 0.1 N H2SO, at a concentration of 10 y perml. Cell thick- 
ness, 1 cm. 


bulk of isolated metabolic products of quinine. A 900 mg. aliquot was 
subjected to three counter-current distributions in 40 per cent isoamyl 
alcohol-heptane-buffer at pH 6.0. Funnels 3 to 7 of the third distribution 
contained 360 mg. of material, which was recrystallized from benzene; 
it formed rosettes melting at 147-149° (capillary). After recrystallization 
of a small sample from methanol-acetone, the melting point was 145-148° 
with previous sintering. The basic dissociation constants were pK,’ 7.24, 
pK,” 4.12 (in water). The basic dissociation constants of quinine were 
measured under comparable conditions and found to be pK,’ 8.32, pK,” 
4.25. 


2. 
Calculated. C 70.56, H 7.11 
Found. 70.38, 6.77 
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Analysis of the compound indicates that it contains 1 more oxygen atom 
than quinine. The absorption curve in 0.1 N H.SO, was almost the same 
as that of quinine (Fig. 3), indicating that oxidation had occurred in the 
quinuclidine ring. 

The 2.5 n NaOH solution, which contained the chloroform-soluble 
phenolic fraction (1.2 gm.), was neutralized with acid, ammonium hy- 
droxide was added, and the alkaloidal material extracted into isoamyl 
alcohol. Distribution of this fraction in 85 per cent isoamyl] alcohol- 
heptane-buffer at pH 5.0 demonstrated considerable impurity. In ad- 
dition, it was observed that a pink color appeared, becoming more intense 
overnight. The impurities, including the color, were removed by the 
extraction of an aqueous phase of pH 4.8 with chloroform. An additional 
counter-current distribution of the water-soluble material yielded 300 mg. 
of material which had the same melting point (248°), absorption spec- 
trum, fluorescence characteristics, and partition coefficient (in the above 
system) as the product obtained by the action in vitro of rabbit liver on 
quinine described by Kelsey et al. (6), which has been identified by Mead 
and Koepfli (7) as the carbostyril analogue of quinine. 

Isoamyl Alcohol Fraction (3.0 Gm.)—This material was subjected to 
several counter-current distributions between buffer at pH 8.3 and 50 per 
cent isoamyl alcohol-heptane. Several hundred mg. of material were 
obtained, which was recrystallized from chloroform; m.p. 110-114°. Re- 
crystallization of a small amount from methanol-acetone yielded well 
formed stout needles or columns and rosettes. When heated rapidly, the 
substance partially melted at 110°. When heated slowly, the crystals lost 
double refraction at 128-131° and set to a viscous liquid which became 
quite fluid at 135°. No crystalline picrate or hydrochloride could be 
obtained. The basic dissociation constants were found to be pK,’ 7.93, 
pk,” 4.00 (in water). 


2. 
Calculated. C 67.39, H 6.79, N 7.86 
Found. 66.84, 7.19, 8.03 


The analytical data indicate that the compound possesses 2 oxygen atoms 
more than quinine. The absorption spectrum in 0.1 N H.SO, (Fig. 3) was 
almost identical with that of quinine, suggesting that both oxygens were 
in the quinuclidine ring. 

The isoamy] alcohol fraction also contained other substances in small 
amounts. Some of these probably represent metabolites previously de- 
scribed. One product, more water-soluble than the other metabolites so 
far described, and presumably a still more oxygenated derivative, was 
present in quantities too small for further investigation. 
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Quinidine 

The urine of subjects who had received quinidine orally was exhaus- 
tively extracted with ether. The alkaloidal material was fractionated as 
described for quinine. 

Heptane Fraction (2.7 Gm.)—A counter-current distribution of this frac- 
tion in 30 per cent isoamy] alcohol-heptane-buffer at pH 5.0 indicated one 
main component. Material from the middle funnels was brought into a 
sma'. volume of acid and precipitated by the addition of ammonium 
hyd, oxide. The resulting solid melted at 173-174°; the melting point was 
not depressed by the admixture of authentic quinidine. The absorption 
spectrum of the material in 0.1 N H.SO, was almost identical with that o 
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Fic. 4. The absorption spectra of quinidine (solid line), quinidine carbostyril 
(broken line), and a monohydroxy non-phenolic metabolite of quinidine (dotted 
line). The substances were dissolved in 0.1 N H.SO, at a concentration of 10 y per 
ml. Cell thickness, 1 cm. 


authentic quinidine (Fig. 3). The fraction was presumed to be unchanged 
quinidine. 

Chloroform Fraction, Non-Phenolic (0.6 Gm.)—This fraction was purified 
by two counter-current distributions in 60 per cent isoamyl alcohol- 
heptane-buffer at pH 5.0. The material in the middle funnels was re- 
distributed in chloroform-buffer at pH 6.2. Recrystallization from ace- 
tone of the material in Funnel 4 yielded crystals melting at 210-212°. 


2. 
Calculated. C 70.56, H7.11 
Found. 70.54, 7.13 


The analysis indicates that this compound contains 1 more oxygen than 
quinidine. Since the absorption spectrum in 0.1 N H.SO, was identical 
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with that of unchanged quinidine (Fig. 4), the additional oxygen atom is 
presumably attached to the quinuclidine portion of the molecule. 

Chloroform Fraction, Phenolic (0.8 Gm.)—This material was distributed 
between 54 per cent isoamy] alcohol-heptane-buffer at pH 4.95. Two 
fractions were found. The major fraction was subjected to another 
counter-current distribution with the above two-phase system. The ma- 
terial in the middle funnels was recrystallized from chloroform petroleum 
ether; m.p. 245-260°. An additional distribution yielded 10 mg. of ma- 
terial; when recrystallized from methanol-water, 5.4 mg. of well formed 
crystals were obtained. The compound did not have a sharp melting 
point; 235-260°. 


Analysis—C2»H2O;N 2. 
Calculated. C 70.56, H 7.11 
Found. 70.60, 7.47 


The analysis and solubility characteristics of the compound suggest that 
it is the quinidine carbostyril, 2-hydroxyquinidine. This was confirmed 
by the absorption spectrum curve which proved to coincide with the 
quinine carbostyril curve (Fig. 4). 

The minor phenolic fraction, which was present in only small quantities, 
was found to be more water-soluble than quinidine carbostyril. The ab- 
sorption curve was found to be similar to that of the carbostyril. It is 
likely that this compound has both the carbostyril group and the qui- 
nuclidine oxygen of the chloroform-soluble non-phenolic compound. 

Tsoamyl Alcohol Fraction—This fraction contained a mixture of com- 
ponents, some of which may have been residual quantities of previously 
removed substances. One fraction, m.p. 120—-124°, which was not in- 
vestigated further, appeared to have been a further oxygenated derivative. 


DISCUSSION 


All four carbostyrils derived by oxidation of the quinoline ring at po- 
sition 2 have been isolated and characterized. The acidic character of 
the aromatic hydroxyl group explains the removal of these compounds 
from an organic phase when it is shaken with alkali. The absorption 
spectra of the carbostyrils differ from those of the parent compounds, as 
would be anticipated from a consideration of the resonance effect of the 
~——-NH—C=0O tautomer on the structure. 

No evidence was found of a compound in which only the quinuclidine 
ring of cinchonine or cinchonidine was oxidized. On the other hand, both 
quinine and quinidine are oxidized to such compounds. Indeed, it ap- 
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pears that the quinine molecule can be metabolized to a compound with 
2 additional oxygen atoms in the quinuclidine ring. 

Another difference between the demethoxy alkaloids (cinchonine and 
cinchonidine) and quinine and quinidine is that the carbostyrils of the 
former are further oxidized, the 2nd oxygen appearing in the quinuclidine 
nucleus. 

The introduction of oxygen into the quinuclidine nucleus of quinine to 
form a non-phenolic derivative lowers the first basic dissociation constant 
from pK 8.32 to 7.24. Such a large decrease in basicity can be explained 
by a transformation to an a-hydroxyamine structure. It is reasonable to 
assume that all the cinchona derivatives with additional oxygen in the 
quinuclidine moiety have had the oxygen inserted as a hydroxyl group 
adjacent to the tertiary nitrogen. 


= CH:CHo CHo 


It 


Fic. 5. Proposed scheme for the route of metabolism of cinchonine and cinchoni- 
dine in the human. (I) Cinchonine or cinchonidine; (II) cinchonine carbostyril or 
cinchonidine carbostyril; (III) oxidized cinchonine carbostyril or oxidized cinchon- 
idine carbostyril. 


The differences among these metabolic products suggest that the de- 
methoxy alkaloids are metabolized through a somewhat different route 
than are quinine and quinidine. The route of metabolism proposed for 
cinchonine and cinchonidine in the human involves two serial steps (Kig. 
5); the first of these is the addition of oxygen to the quinoline nucleus with 
the formation of a carbostyril, the second, an addition of oxygen to the 
quinuclidine nucleus of the carbostyril, probably at the ring carbon ad- 
jacent to the nitrogen. 

The route of metabolism proposed for quinine and quinidine appears to 
involve two parallel pathways (Fig. 6). The first pathway is the forma- 
tion of a carbostyril by the addition of oxygen to the quinoline nucleus; 
the second is the addition of oxygen to the quinuclidine nucleus to form a 
monohydroxy non-phenolic derivative. In the case of quinine, at least, 
this latter compound appears to be oxidized further in the quinuclidine 
nucleus to form a dihydroxy derivative. 
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Only in the case of cinchonine have quantitative estimations been made 
of the total amount of parent compound and its metabolic products ex- 
creted in the urine after single oral doses of the parent drug. The results 
indicate that about 80 per cent of orally administered cinchonine is re- 
coverable in the urine as cinchonine and its derived products, about 4 per 
cent as unchanged cinchonine, 55 per cent as the 2-hydroxy derivative, 
and 22 per cent as the further oxidized product (13). That the second 
metabolic product is derived in the body from the carbostyril was shown 
by experiments in which the latter compound was administered orally 


(13). 
CHay CH:CHa CH:CH2 
CHo CHo 
CHOH- | CHOH-A | 
N N DIHYDROXY- 
CH,0 DERIVATIVE 
- » 
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Fia. 6. Proposed scheme for the route of metabolism of quinine and quinidine in 
the human. (I) Quinine or quinidine; (II) monohydroxy non-phenolic metabolite 
of quinine or quinidine; (III) dihydroxy non-phenolic metabolite of quinine or 
quinidine; (IV) quinine carbostyril or quinidine carbostyril. 


2-Hydroxycinchonine has been found by Earle, Welch, and Shannon 
(14) to possess about one-fifth the antimalarial activity of its parent 
compound. These authors concluded that the 2-hydroxy compound plays 
a negligible rdle in the antimalarial effect achieved when cinchonine is 
administered. 

Although similar determinations have not been made for the other 
cinchona alkaloids, a rough indication can be given of the relative amounts 
of unchanged alkaloid and transformation products. In the case of cin- 
chonidine, the carbostyril was the principal product; unchanged cin- 
chonidine and the dihydroxy metabolite were present in about equal 
amounts, the amount of each being about one-fifth that of the carbostyril. 
The principal quinine product was not the carbostyril but the non- 
phenolic monohydroxy metabolite. It was present in about the same 
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amount as unchanged quinine and in 3 times the amount of the carbo- 
styril. In the case of quinidine also, the non-phenolic monohydroxy 
derivative was the main metabolite. However, the latter was present in 
smaller quantities than the unchanged quinidine. The more water-soluble 
metabolites of both quinine and quinidine were also present in significant 
amounts. 

The enzyme in rabbit liver that appears to be involved in the oxidation 
of the cinchona alkaloids and other quinolines to their corresponding 
carbostyrils has been isolated by Knox (15). This enzyme, which has 
been prepared in about 5 per cent purity, is associated with the flavo- 
protein, liver aldehyde oxidase. It is unlikely that this enzyme is also 
responsible for the oxidation that occurs in the quinuclidine nucleus. 


SUMMARY 


Metabolic products of each of the four principal cinchona alkaloids have 
been isolated from human urine. The separation of the products from 
each other and from the parent drug was based on differences in their 
partition ratios in different systems. 

2-Hydroxycinchonine, 2-hydroxycinchonidine, 2-hydroxyquinidine, and 
2-hydroxyquinine were all isolated in crystalline form. The assignment 
of carbostyril structures is supported by evidence from chemical analyses, 
absorption spectra, basic dissociation constants, and solubility properties. 

Cinchonine and cinchonidine are also converted to dihydroxy com- 
pounds; the second hydroxyl group appears in the quinuclidine ring. The 
absence of other metabolic products suggests a mechanism of stepwise 
oxidation of these two alkaloids. 

Quinine and quinidine both add 1 oxygen atom in the quinuclidine ring 
to form non-phenolic isomers of the carbostyrils. The concomitant de- 
crease in basicity indicates that the hydroxyl group is located on a carbon 
adjacent to the quinuclidine nitrogen atom. A dihydroxy derivative of 
quinine was also found which appears to have both hydroxyl groups in the 
quinuclidine ring. Other metabolic products of quinine and quinidine 
were present in small amounts, but were not identified. 
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THE p-CARBOXYLASES OF PLANTS 
III. OXALACETIC CARBOXYLASE OF WHEAT GERM* 


By L. M. KRAEMER,ft ERIC E. CONN,{ BIRGIT VENNESLAND 


(From the Departments of Chemistry and Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, May 20, 1950) 


Wheat germ has been shown to be a good source of oxalacetic carboxy- 
lase (1) and to contain an enzyme (2, 3) which catalyzes the oxidation 
of malate by triphosphopyridine nucleotide (TPN) according to Reac- 
tion 


a) Malate + TPNox.— pyruvate + CO: + TPNrea. 


This enzyme has been called TPN malic enzyme to distinguish it from 
malic dehydrogenase which catalyzes Reaction b between malate and 
diphosphopyridine nucleotide (DPN). Studies on the preparation and 


(b) Malate + DPN,, — oxalacetate + DPNrea. 


properties of the carboxylase are described in the present paper. In the 
(course of these studies, attempts were made to determine the extent to 
which the carboxylase and TPN malic enzyme were associated. 


Methods and Materials 


Protein was determined by the biuret reaction (4); calibration was 
made with a solution of Merck albumin. The nitrogen content of the 
albumin was determined by the micro-Kjeldahl method of Ma and Zua- 
zaga (5). Pyruvate was determined by the direct method of Friedemann 
and Haugen (6). The quantitative assay for oxalacetic (OAA) carboxy- 
lase was carried out by measuring the rate of CO2 evolution in the War- 
burg apparatus as already described (7). Purity of the enzyme is 
expressed as Kg per mg. of protein, with Kg = k — kptanx, where k is 
the first order rate constant (kK = 2.3 A log OAA per A minutes) observed 
in the presence of active enzyme and kplan is the first order rate constant 
observed without enzyme. 


* Aided in part by a grant to Dr. T. R. Hogness from the Rockefeller Foundation 
and by the Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. 

t Present address, Department of Medicine, University of Minnesota Medical 
School, Minneapolis 14, Minnesota. 

t Predoctoral Fellow, Atomic Energy Commission. 
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TPN of low purity was prepared as previously described (3). This 
material was purified to 60 per cent by counter-current distribution ac- 
cording to an unpublished method of Lowell and Conn. Adenosine- 
diphosphate was purchased from the Sigma Chemical Company and 
adenosinetriphosphate from Armour and Company. All other materials 
were identical with those employed in previous work (3, 7, 8). 


Preparation of Enzyme 


Wheat germ! was extracted with distilled water (4 ml. per gm. of wheat 
germ) at room temperature for 30 minutes. After centrifugation at 2800 
X g for 30 minutes the turbid yellow solution was filtered through glass 
wool to remove floating particles of fatty matter and then cooled to 15°; 
285 gm. of (NH,).SO, were added for each liter of the solution (Fraction 
RE of Table I), together with NH,OH to bring the pH to 6.5 to 7.0, as 
indicated by hydrion paper (all precipitations with (NH,4).SO, were carried 
out at 5°). The precipitate was centrifuged and discarded. The enzyme 
was then precipitated by addition of 75 gm. of (NH,4)2SO, per liter of solu- 
tion, while the pH was adjusted as before. After centrifugation, the 
precipitate was dissolved in 0.025 m phosphate buffer, pH 7.3, to give a 
deep red-brown solution (Fraction RPlb). Fractions RP2a and RP2b 
were successively precipitated from solutions made 1.25 mM and 2.1 M, 
respectively, in (NH,4).SO, by addition of 3.8 m (NH4)2SO,, pH 7.0.2 Frac- 
tion RP2a, which contained a large amount of fatty matter, was discarded. 
Fraction RP2b was dissolved in 0.025 m phosphate buffer, pH 7.3, and 
dialyzed against the same buffer at 5° until the (NH4).SO, was removed. 

The extract was placed in a 57° bath for 15 minutes and then centrifuged 
at 5° for 90 minutes at 18,000 X g to give a clear solution, Fraction RF3. 
The voluminous dark gray, gelatinous precipitate was discarded. Frac- 
tion RF3 was fractionated by addition of 3.8 m (NH4).SO,, pH 7.5; Frac- 
tions RP4a, b, c, and d were precipitated from solutions 1.32, 1.70, 2.0, 
and 2.2 M, respectively, in (NH,)2SO,. Fraction RP4c was finally frac- 
tionated by addition of 3.8 m (NH,4)2SO,, pH 6.0; Fractions RP5a, b, ¢, d, 
e, and f were precipitated from solutions 1.76, 1.86, 1.91, 1.96, 2.03, and 
2.10 Mm, respectively, in (NH4).SO,. Each precipitate was washed with 
(NH,4).SO, solution of the same concentration as that from which it had 
been precipitated, then dissolved in buffer, and dialyzed as before. The 
results of the fractionation are given in Table I. Further attempts to 
increase the purity with (NH,).SO, fractionation were not successful. 


1Germ “B” of the B. A. Eckhart Milling Company, Chicago. A sample of Gold 
Medal wheat germ meal of General Mills, Inc., gave somewhat different results. 

2The pH was determined in a Coleman pH meter after a 10-fold dilution with 
water. 
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All preparations were dialyzed at 5° against 0.025 m phosphate buffer, 
pH 7.3, before assay in order to remove (NH,).SO, and, in the case of the 
first extract, to inactivate pyruvic carboxylase. The non-enzymic decar- 
boxylation was inhibited 26 and 63 per cent by 0.02 and 0.20 mM (NH4)2SOu,, 
respectively. The enzymic reaction was inhibited 29 and 80 per cent by 
(0.02 and 0.20 m (NHy,)SQ,, respectively. The majority of the fractions 
lost little or no activity when stored at 5° for several days or at —15° for 


TABLE [ 


Fractionation of VW heat Germ 


Fraction Kg per ml. Volume Total Kg a per K on 
mi. még 
RE 1.13 37 ,120 41,900 30 0.038 
RPI1b 12.0 3, 243 38 , 900 55 0.22 
RP2a 1.69 475 810 4.1 0.41 
RP2b 22.1 1 ,482 32,800 101 0.22 
RF2b 0.42 6 ,000 2,550 8.8 0.05 
RF3 22.3 961 21,200 53 0.42 
RP4a 1.61 Sb 138 38 0.04 
RP4b 15.6 82 1,280 54 0.29 
RP4c 43.7 223 9,750 94 0.46 
RP4d 6.9 112 773 66 0.10 
RF4d 0 1.6 
RP5da 7.13 33 235 18 0.39 
RP5b 39.6 50 1,980 54.4 0.72 
RP5c 25.8 46 1,190 36 0.71 
RP5d 23 .0 71 1 ,630 47.5 0.48 
RP5e 16.6 59 980 34.5 0.48 
RP5f 15.0 51 765 31 0.48 
RF5f 2.72 450 1,225 5.75 0.47 


Except for Fraction RF3, RF fractions were supernatants after the last (NH,).SO, 
precipitation. For this particular fractionation, 12 kilos of wheat germ were em- 
ployed. 


6 weeks. At pH 8.0 and 5.0, little activity remained after 5 days at 5°. 
No oxygen consumption was observed in the assay system with any of the 
protein fractions examined. The best preparation, Fraction RP5b, con- 
tained, in addition to oxalacetic carboxylase, two enzymes which act on 
TPN and which have been briefly described elsewhere (9). 


Properties of Enzyme 


Kinetics—The kinetics of the reaction catalyzed by crude wheat germ 
extracts were nearly first order with respect to substrate, but deviations 
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increased with purification. These deviations were such that the apparent 
K value increased with time during the assay. In such cases, K g was 
approximated by ignoring the first 10 per cent and the last 20 per cent of the 
reaction. The amount of OAA in the test system was kept near 1.0 mg. 

Temperature Coefficient—The first order velocity constants of the enzymic 
and of the non-enzymic decarboxylations were determined at 10°, 20°, 30°, 


4.0} 4.0 

3.0+ 3.0 
+ 
— 2.0 
x 

1.0F 1.0 

3.1 3.2 3.3 34 3.5 3.6 


Fic. 1. Temperature dependence of velocity constants. The conditions were 
those of the standard assay: 0.01 m MnCl:, 0.1 m acetate buffer, pH 5.0, and wheat 
germ C previously described (3), in total volume of 2.0 ml. About 1 mg. of OAA 
was added from the side arm at 0 time after equilibration. Temperature, 30°; gas, 
air. 


and 40°. Fig. 1 shows a plot of the values of In Kg per mg. and of In 
kyienk against 1/7. The slopes of the two lines give an approximate 
Arrhenius heat of activation (Q = —RA In K/A 1/T) of 19 kilocalories 
for the enzymic reaction and of 23 kilocalories for the non-enzymic reac- 
tion. Deviation from the straight line for the enzymic reaction at 40° 
is probably due to denaturation of the enzyme. 

Effect of TPN on Enzyme Activity—The effect of TPN and related com- 
pounds on wheat germ OAA carboxylase activity was examined. The 
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results of some of these experiments are presented in Table II, and show 
that TPN strongly inhibited the decarboxylation. Fig. 2 shows that max- 
imum inhibition of 70 per cent was observed at about 4 X 10-5 m TPN. 
DPN gave an effect similar to that of TPN, but maximum inhibition was 
only half as great. Pyrophosphate also inhibited the enzyme, but higher 


TABLE II 


Inhibitors of Oxalacetic Carborylase 


Substance added | Molarity X 103 Per cent inhibition 
Alkali-inactivated TPN* ...... 0.029 | 72 
Adenosine-3-phosphate ........................... | 0.05 0 
Adenosine-5-phosphate 0.05 17 
Adenosinetriphosphate 0.6 31 


each case the inhibitor was added to the blank as well as to the vessel containing 
the enzyme. The pH was controlled and the possibility excluded that any addi- 
tion caused an effect by altering the pH. 

*0.05 ml. of TPN warmed at 55° for 10 minutes with 0.1 ml. of 7 N NaOH, and 
neutralized with HCl. Tests with glucose-6-phosphate and Zwischenferment 
showed that no more than 1 per cent of the original TPN activity remained. Cor- 
rections were made for the inhibitory effect of NaCl on both blank and enzyme 
reaction. 0.25 mM NaCl inhibited the blank (non-enzymic) reaction 44 per cent, 
the enzymic reaction 63 per cent. 

t TPN was ignited in a platinum crucible, and the residue dissolved in 3 nN HCl, 
neutralized with NaOH, and made up to the original volume. Corrections made 
for NaCl effects. 


concentrations were required in order to get inhibition equivalent to that 
caused by the pyridine nucleotides (Fig. 2). The breakdown products 
formed by treatment of TPN with alkali were as effective as the original 
TPN molecule. Ignition of TPN, however, completely destroyed its 
inhibitory action, showing that the effect is not due to an inorganic ion, 
such as a heavy metal, which might be present as an impurity in the 
preparation. The TPN solution employed was also tested for its action 
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Fic. 2. Inhibition of OAA carboxylase by TPN and by pyrophosphate. Condi- 
tions as in Table II, with additions as indicated. 


TABLE III 
Ratio of Malic Enzyme to OAA Carboxrylase 
Fraction Protein _ OAA carboxylase* Malic enzymet Ratio M:Ot¢ 

RP5a 0.27 | 0.40 0.164 0.41 

0.54 0.40 | 0.138 0.35 
RPS!) | 0.55* | 0.247 | 0.45 

- | 0.14 | 0.55 | 0.279 | 0.51 
RF5Sf | 0.23 0.47 | 0.171 | 0.36 

- 0.46 0.47 | 0.165 | 0.35 


| | | 


Conditions for the assay of malic enzyme, 0.067 m glycylglycine buffer, pH 7.5; 
0.063 l-malate, neutralized; 0.0033 m MnCl.; 2.2 mM TPN (side arm); 0.002 
m muscle adenylic acid (side arm); 0.2 ml. of yellow enzyme (side arm); enzyme 
and water to a total volume of 3.0 ml.; 0.2 ml. of 10 per cent KOH (center well). 
Atmosphere, O2; temperature, 37°. 

* Ky» per mg. of protein. The value for Fraction RP5b is lower than that given 
in Table I because this sample lost activity on storage. 

+ Micromoles of O, per minute per mg. of protein. 

tM = TPN malic enzyme activity per mg. of protein; O = OAA carboxylase 
activity per mg. of protein. 


on pigeon liver OAA carboxylase, and was found to give the expected 
activation (10). These two enzymes differ markedly therefore in their 
response to TPN. 
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Malic Enzyme and Malic Dehydrogenase 11 Wheat Germ—The wheat 
germ fractions at various stages of purity were examined for TPN malic 
enzyme activity. A modification of the manometric assay method pre- 
viously described (3) was employed with muscle adenylic acid added to 
prevent TPN destruction. The conditions are described in the legend to 
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TIME IN MINUTES 

Fic. 3. Effect of Mn** and of cyanide on reduction of DPN and TPN by malate. 
The reduction of pyridine nucleotides was determined with a Beckman DU spec- 
trophotometer at 340 mu. Corex cells, d = 1.0 cm. Temperature, 30°. The meas- 
urements were taken against blanks which did not contain the nucleotide. Curve 
1, 0.083 m l-malate, 0.17 m NaCN (neutralized), 5.2  10-> DPN, and 0.033 m gly- 
cylglycine, pH 7.4. At 0 time, 0.76 mg. of wheat germ Fraction OP5b added. In 
the absence of cyanide, DPN was not reduced, even in the presence of added Mn**. 
Curve 2, 0.083 m l-malate, 0.17 m NaCN (neutralized), 4.4 xX 10-> uM TPN, and 0.033 
mM glycylglycine, pH 7.4. At 0 time, 076 mg. of wheat germ Fraction OP5b added. 
At the arrow, 3.3 X 10-4 m MnCl, added. In the absence of cyanide, TPN was re- 
duced only after addition of Mnt*. When either DPN or TPN was added to cyanide 
in the absence of enzyme under the conditions described, a change in log J[o/I of 
0.060 occurred within 15 minutes, after which the light absorption remained con- 
stunt. Enzyme was not added until this change was complete. 


Table Il. Though the addition of adenylie acid usually had the desired 
effect of giving a linear rate of oxygen consumption, this was not the case 
with all protein fractions tested. Furthermore, ratios of O. consumption 
to pyruvate formation varied in different assays from 0.5 to 2.5. On the 
other hand, reasonable proportionality was obtained between QO. con- 


3 When the values exceeded the theoretical maximum of 1.0, pyruvate was un- 
doubtedly destroyed during the incubation. It is considered that the assay is not 
completely reliable in a quantitative sense when different extracts are compared, 
but it was the best measure of the enzyme which was available. 
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sumption and the amount of protein. The ratio of TPN malic enzyme 
activity to the carboxylase activity, M:O, was determined at various stages 
of purification. There was no indication that the two activities were 
separated by (NH4)2SO, fractionation or by the heat treatment employed 
to prepare Fraction RF3. ‘Table III shows the results of measurements 
on the final RP5 fractionation. The first protein fraction, RP5a, gave 
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Fic. 4. Demonstration of isocitric dehydrogenase. Reduction of TPN deter- 
mined spectrophotometrically at 340 my in Corex cells,d = 10cm. Temperature, 
30°. The measurements were made against blanks which did not contain TPN. 
All cuvettes contained 0.0066 m dl-isocitrate, 0.033 m glycylglycine, pH 7.4, and 
4.4 xX 10-5 m TPN in a total volume of 3.0 ml. For Curve 1, the sample contained, 
in addition, 4.75 mg. of wheat germ Fraction RP5d and 3.3 10-4 m MnCl.; Curve 
2,4.75 mg. of Fraction RP5d but no Mn*+; Curve 3, 1.8 mg. of wheat germ Fraction 
RP5da and 3.3 * 10-4m MnCl; Curve 4, 1.8 mg. of Fraction RP5a. Then, after 23 
minutes 3.3 x 10-4 mM MnCl. was added to the sample. TPN was added at 0 time 
to start the reaction in every case. 


the same M:0 ratio as the last fraction, RP5f. The M:0O ratio for Frac- 
tion RP5b was not significantly different. 2 

A malic dehydrogenase which catalyzes Reaction b was also present in 
some of the wheat germ carboxylase preparations and was demonstrated 
by determining the increase in light absorption at 340 my when malate 
was added to enzyme and DPN in the presence of cyanide. Fig. 3 shows 
the results observed in a test for the DPN malic dehydrogenase and a test 
for the TPN malic enzyme, both carried out on the same enzyme prepara- 
tion. The experiment emphasizes the difference between the two reac- 
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tions. The TPN is not reduced until Mn** is added and cyanide does 
not affect the reaction, whereas reduction of DPN is observed only in the 
presence of cyanide and is not affected by Mn**. 

Tsocitric Dehydrogenase in Wheat Germ—The best preparations of OAA 
carboxylase also contained isocitric dehydrogenase activity. This enzyme 
was measured spectrophotometrically by following the increase in light 
absorption at 340 my when isocitrate was added to enzyme and TPN. 
Some preparations caused no measurable reduction of TPN until Mn++ 
was added. Others, however, showed reduction of TPN without added 
Mn*, though added Mn** always stimulated the reaction. Fig. 4 shows 
the results on two preparations, Fractions RP5a and RP5dd, which differed 
markedly in this respect. In the presence of Mn** the rate of TPN re- 
duction obtained with added malate was much greater (10-fold) than that 
observed with isocitrate. The data of Fig. 4 also illustrate the effects 
usually observed when this spectrophotometric test is used with plant 
materials (3). The light absorption does not always reach the expected 
maximum value, and a decrease in absorption frequently follows the 
increase. 


SUMMARY 


A partial purification of oxalacetic carboxylase from wheat germ has 
been described. The carboxylase was closely associated with a triphospho- 
pyridine nucleotide malic enzyme, from which it could not be separated 
by ammonium sulfate fractionation. The properties of the enzyme have 
been investigated. 


The authors are indebted to Dr. T. R. Hogness and Dr. E. A. Evans, Jr., 
for funds and facilities and for their interest in this problem. 
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INCORPORATION OF GLYCINE-2-C* INTO PROTEINS AND 
NUCLEIC ACIDS OF THE RAT* 


By G. A. LEPAGE ann CHARLES HEIDELBERGER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 14, 1950) 


A number of important experiments in several laboratories has demon- 
strated that glycine is a precursor in the synthesis of the complex nuclei of 
porphyrins and nucleic acids. Shemin and Rittenberg (1) first demon- 
strated that glycine nitrogen was incorporated into the porphyrins of hemin, 
and Altman et al. (2) showed that the methylene carbon of glycine was also 
incorporated. Sonne, Buchanan, and Delluva (3) and Karlsson and Barker 
(4) showed that glycine is a precursor of uric acid in the pigeon, the methy- 
lene carbon appearing in the 5 position. Heinrich et al. (5) reported in- 
corporation of the carboxy] carbon of glycine into the purines of rat nucleic 
acids, and Valentine eé al. (6) have demonstrated the incorporation of 
glycine into the allantoin excreted by the rats. Reichard (7) obtained 
the uptake of glycine nitrogen into purines of rat nucleic acids. Berg- 
strand et al. (8) have provided further information on the incorporation of 
glycine nitrogen. No data have been available to compare the incorpora- 
tion of glycine into normal and neoplastic tissues. This investigation was 
undertaken to study the incorporation of glycine, labeled in the methylene 
carbon with radiocarbon, into the nucleic acids and proteins of liver, thy- 
mus, and transplanted tumors of rats. 

It has been observed that, when a large tumor is present, there is a 
tendency for the host to be anemic (9). This might be due either to the 
action of toxic products of the necrotizing tumor upon the hematopoietic 
mechanism or to a competition between the growing tumor and these 
blood-forming tissues for a building block. In this investigation, the 
possibility that glycine might be such a limiting building block was also 
studied. 


EXPERIMENTAL 


In other tests of the effects of a tumor upon the host’s tissues, pronounced 
changes were obtained only when the tumor reached the vicinity of 5 per 
cent of the body weight (10). When this condition occurs with a single 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 
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tumor, the tumor is largely necrotic and is contributing the products of 
dying cells to the host’s blood stream. This was avoided in our experiments 
by the use of animals with multiple tumor transplants, which provided a 
sufficient weight of tumor before the onset of necrosis. | 

Blood Study—Young female rats of the Holtzman strain were used for 
these experiments. Six to eight implants of Flexner-Jobling carcinoma 
were made subcutaneously on the abdomen of each rat. They were taken 
for experiment when the transplants were 8 days of age. At this time the 
tumors totaled approximately 2 gm. and the animals weighed approxi- 
mately 150 gm. These rats, along with tumor-free control animals of the 
same age and weight, were each given 1.0 mg. of glycine-2-C"™ (specific 
activity 10,000,000 c.p.m. per mg.)! by stomach tube. After 48 hours, 
when the tumors in each animal weighed approximately 8 gm., the rats 
were anesthetized with nembutal and a large blood sample was withdrawn 
from the descending aorta opposite the kidneys of each rat. Oxalate was 
used to prevent clotting. The erythrocytes were centrifuged, washed in 
saline, and used for the isolation of protoporphyrin [X-methy] ester by the 
method of Grinstein (11). 

The mean specific activity of the purified porphyrin ester isolated indi- 
vidually from the blood of nine normal rats was 520 + 65 ¢.p.m. per mg., 
and that from the nine tumor-bearing rats was 570 + 42 c¢.p.m. per mg. 
Thus the presence of the growing tumors had no significant effect upon the 
incorporation of the glycine into blood hemin in these rats. This result 
would suggest the conclusion that the anemia frequently observed in 
tumor-bearing animals is due to the necrotic condition of the tumors. 
Moreover, no anemia was evident in these animals. 

Balance Study—Female rats, 150 gm. in weight, some bearing 8 day 
multiple Flexner-Jobling carcinoma transplants, were injected with glycine- 
2-C'4, as described for the previous experiment, and immediately placed in 
metabolism cages. They were provided with water and a stock grain diet. 
Urine, feces, and respiratory carbon dioxide were collected. The data 
averaged for six rats are presented in Fig. 1 for the rate of release of CQO, 
in the expired air. In 48 hours this accounted for 25.6 per cent of the 
dose. Urine accounted for 6.2 per cent and feces for 1.9 per cent of the 
dose. Hence 66.3 per cent of the radioactivity remained in the carcass. 
The results were essentially the same with or without tumor implants, 
and varied little from one animal to another. 

In this investigation it was necessary to have a reasonably simple tech- 
nique for isolation of the tissue protein, ribonucleic acid (PNA), and des- 
oxyribonucleic acid (DNA) separately in order to determine their specific 


! Obtained from the Oak Ridge National Laboratory on allocation of the United 
States Atomic Energy Commission. 
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radioactivities. The procedures of Schneider (12) and Schmidt and Thann- 
hauser (13) are adequate for analytical purposes, but needed some modifica- 
tion to meet our requirements. A combination of these two methods 
suggested by Schneider (14) gives a DNA solution containing approx- 
imately 8 per cent of the protein. It was necessary to change to a pro- 
cedure for extracting the DNA from the protein without the use of hot 
acid. The use of 10 per cent sodium chloride extracted less than half the 
DNA. A solution of hot barium perchlorate was found to give complete 
extraction of the DNA with little effect upon the protein. The technique 
used to obtain the three separate fractions is a combination of this barium 


IN EXPIRED AIR 
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Fig. 1. Rate of appearance of CQO, in the expired air of 150 gm. female rats in- 
jected by stomach tube with 1.0 mg. of glycine-2-C™. 


perchlorate extraction with steps from the Schmidt and Thannhauser and 
Schneider procedures (see below). The nucleic acids were obtained as dry 
barium salts. Analyses for ribose and desoxyribose with the color reac- 
tions used by Schneider (12) indicated that the Ba PN A was approximately 
50 per cent pure in terms of free nucleic acid and the Ba DNA approx- 
imately 40 per cent pure. Assuming one barium per nucleotide, these 
would be approximately 70 per cent and 55 per cent pure, calculated as 
barium salts. The recoveries of material present in the original tissue 
extracts were approximately 58 and 50 per cent respectively for PNA and 
DNA. The PNA samples were free of detectable DNA. The DNA 
samples contained 0 to 10 per cent as much PNA as DNA, with the single 
exception noted later. 
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Normal rats, rats bearing 8 day-old multiple Flexner-Jobling carcinoma 
transplants, and rats partially hepatectomized by removal of 70 per cent 
of the livers 15 hours previously have been studied. All were given 1.0 
mg. of glycine-2-C™ per 150 gm. by stomach tube. Animals were sacri- 
ficed at the indicated times by decapitation. The tissues were weighed 
and homogenized briefly in cold 4 per cent perchloric acid, then centrifuged 
in the cold. The tissue residue was in each case washed several times with 
cold perchloric acid, and then twice with 5 volumes of cold 95 per cent 
ethanol containing 0.1 per cent perchloric acid. (This removed the prod- 
ucts of the hemin pigment.) The tissue residue was further washed with 
ethanol twice to remove acid and extracted three times with 3:1 alcohol- 
ether at 40° to remove phospholipides, as described by Schneider (12). 
Then the tissue residue was suspended in 10 ml. of 1 Nn NaOH per 2 gm. of 
fresh tissue used and incubated 17 hours at 37°. The resulting solution 
was chilled in an ice bath and 3.5 ml. of 65 per cent trichloroacetic acid 
(TCA) were added for each 10 ml. of NaOH used. The precipitated pro- 
tein was centrifuged in the cold and washed once with 5 per cent TCA. 
The supernatant fluid and wash were neutralized to pH 8.0 jwith barium 
hydroxide and treated with 4 volumes of cold ethanol. The resulting 
precipitate is the barium salt of PNA described in Tables I to IV. 

The protein precipitate was washed once with 10 volumes of ethanol to 
remove most of the acid, and the alcohol wash discarded. The precipitate 
was suspended in 10 ml. of neutral 0.3 m solution of barium perchlorate. 
The resulting pH, due to a slight residual acidity in the precipitate, was 
3.0 to 4.0. The suspension was heated in a boiling water bath for 20 
minutes, then cooled to room temperature, and treated with a 70 per cent 
solution of perchloric acid to a final concentration of 2 per cent. The 
precipitated protein was centrifuged quickly at room temperature and the 
supernatant fluid separated. This fluid, which contained the DNA, was 
neutralized with barium hydroxide to pH 8.0 and treated with 4 volumes of 
cold ethanol. The resulting precipitate is the Ba DNA referred to earlier. 
The protein, Ba PNA, and Ba DNA precipitates were washed with ethanol 
and dried in vacuo. Samples of these dried preparations were analyzed 
and aliquots subjected to wet combustion (Van Slyke-Folch) to determine 
the radioactivity. In several cases the barium PNA and DNA samples 
were dissolved and reprecipitated without significant change in specific 
activity. The data so obtained for a series of 150 gm. female rats are 
presented in Tables I, II, and III. (These data, with some preliminary 
results on the specific activities of the free purines and pyrimidines, were 
presented earlier (15).) The indication that the incorporation into DNA 
is approximately equal to that into PNA is of special interest because of the 
biochemical stability previously indicated by the experiments with iso- 
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TABLE I 

Specific Radioactivity of Nucleic Acids (Ba Salts) and Protein of Rat Thymus after 
Injection* with Glycine-2-C" 

The results for separate animals are given in counts per minute per mg. 
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Description 


Protein 


DNA PNA 
hrs. 
12 79 71 290 
Tumor-bearing........... 12 66 80 290 
Tumor-bearing........... 24 110 125 275 
48 40, 85 57, 48 256, 148 
Tumor-bearing........... 48 59, 54 156, 75 231, 221 


*1 mg. per 150 gm. rat; 10,000,000 c.p.m. per mg. 


TABLE II 


Specific Radioactivity of Nucleic Acids (Ba Salts) and Protein of 
Rat Liver after Injection* with Glycine-2-C™ 


The results for separate animals are given in counts per minute per mg. 


Description 


Partially hepatectomized.......... 


bearing 


DNA PNA Protein 
hrs. 
12 | 100,270 | 55, 125 345, 370 
12 | 165,185 | 145,175 | 380, 410 
24 65 55 340 
24 175 155 345 
48 140, 110 95, 110 325, 245 
48 50, 65 65, 120 290, 240 
48 355, 215 990, 455 780, 625 
48 | 311,240 | 480,280 | 550, 350 


*1 mg. per 150 gm. rat; 10,000,000 c.p.m. per mg. 


TaBie III 


Specific Radioactivity of Nucleic Acids (Ba Salts) and Protein of Rat 
Tumor after Injection* with Glycine-2-C' 


The results for separate animals are given in counts per minute per mg. 


Description 
Partially hepatectomized...... 48 


DNA 


PNA 


*1.0 mg. per 150 gm. rat; 10,000,000 c.p.m. per mg. 


Protein 


470, 545 
540 

370, 400 
500. 345 


q 
| 
| 
: 
i 
Tumor-bearing.......................| 
Normal 
Tumor 
| j 
4 
| 
| 
4 
210, 190 | 325, 290 | 
| 240 275 | 
| 155, 160 | 235, 280 | { 
| 155, 220 | 310, 180 | 
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topically labeled adenine (16) and radioactive phosphorus (17-19). One 
difference between most of these experiments and our experiment lay in 
the age of the rats used. Whereas we were using young adult rats, the 
previous experiments had dealt with mature rats. Accordingly, we ex- 
tended our studies to liver nucleic acids and protein of mature female rats 
weighing 250 to 280 gm. The dose-body weight relationship of 1.0 mg. of 
glycine-2-C per 150 gm. was retained, and a 48 hour experimental period 
used. The results did not differ materially from those with younger 
animals. 

In view of the apparent importance of this issue, great care was taken to 
purify and establish the specific activities of the purine and pyrimidine 
bases from these nucleic acid preparations. The methods of degradation 
were, with some modifications, those of Vischer and Chargaff (20). For 
purification of the free bases, we used the ion exchange procedures of Cohn 
(21) with some extra precautions. The validity of these methods and 
modifications was tested with samples of the nucleotides and free bases 
obtained commercially and purified when necessary. 

For these degradations, a 50 to 100 mg. sample of the Ba PNA was dis- 
solved in 1.5 ml. of 1 Nn HCl and heated 60 minutes in a boiling water bath. 
The resulting solution of free purine bases was treated with a slight excess 
of sulfuric acid to remove barium and put on a 90 X 9 mm. column of 
Dowex-50 cation exchange resin (200 to 400 mesh). ‘The chromatogram 
was developed with 2.0 Nn HCl at a rate of 0.80 ml. per minute and 10 ml. 
fractions were collected with a Technicon fraction cutter. The pyrimi- 
dine nucleotides were found in Tubes 1 to 4, the guanine in Tubes 11 to 15, 
and the adenine in Tubes 48 to 55. The eluate was analyzed by measure- 
ment of the extinction at 260 my in a Beckman model DU quartz spectro- 
photometer. Peaks in the chromatogram were identified by position and 
by determination of the wave-length of the maximum extinction. Samples 
of the pure bases were used to construct standard curves. In HCl the 
absorption maxima of the bases were adenine 263 my, guanine 249 mu, 
uracil 259 mu, cytosine 276 muy, and thymine 265 mu. 

The purity of each base was tested by taking three separate cuts from 
each peak of the chromatogram and determining the relationship between 
the quantity of base determined by the extinction and its radioactivity. 
The further purifications noted below were found to be those necessary 
to obtain such a correlation in all cases. The data presented represent 
the mean of these separate determinations. Adenine from the first chro- 
matogram was found to be pure by this criterion. 

Tubes 11 to 15, containing the guanine, were evaporated to dryness in 
vacuo at 35-40°, dissolved in water, and put on a second Dowex-50 column, 
which was developed with 1.0N HCl. The guanine now appeared in Tubes 
30 to 35 and was pure by the above criterion. 
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Tubes 1 to 4 were evaporated to dryness in vacuo at 35-40° and taken 
up in a small volume of water. This solution was washed into a small 
bomb tube and evaporated to dryness in the tube by leaving it overnight 
in vacuo over sulfuric acid. Then 0.5 ml. of 98 to 100 per cent formic acid 
was added and the tube was sealed and heated for 2 hours at 175°. The 
tube was cooled and opened and the contents extracted with 0.5 n HCl, 
filtered, and put on a Dowex-50 column. This chromatogram was de- 
veloped with 0.5 n HCl. The uracil was in Tubes | to 5, the cytosine in 
Tubes 25 to 30. The cytosine was now pure. The uracil fraction was 
evaporated to dryness in vacuo, dissolved in water, and neutralized with 
excess NH,OH. This was placed on a Dowex-1 anion exchange column 
and developed at 0.60 ml. per minute with 0.2 m NH.,OH containing 0.05 
mM NH,Cl. The uracil now occurred in Tubes 11 to 14 and appeared to be 
pure. The Ba DNA samples were treated in the same manner, except that 
20 minutes heating in 1 Nn HCl was sufficient to free all the purine bases, 
and thymine behaved essentially the same as uracil, except that it appeared 
in Tubes 17 to 20 of the chromatogram with Dowex-1. 

The quantitative measurements of the free bases and radioactivity de- 
terminations indicated that 85 to 100 per cent of the radioactivity of the 
Ba PNA preparations was due to these bases. In the Ba DNA, 75 to 85 
per cent of the radioactivity was present in the bases. The residual 
radioactivity is probably present in amino acids, particularly glycine and 
serine. ‘Tests with these amino acids showed that they would appear in 
the first few tubes of the HCl-Dowex-50 chromatograms and this would 
contaminate the pyrimidines, where, because of the low specific activity 
of these bases, a large error would be introduced. This is probably the 
reason that further chromatography was necessary in order to achieve 
constant specific activity. 

In order to gain further evidence as to the purity of these bases, indi- 
vidual samples of the labeled purines, already separated by ion exchange, 
were subjected to paper chromatography by using butanol-water (20). 
These chromatograms showed only one spot upon exposure to x-ray film, 
and upon elution the specific activities were unchanged. The ion ex- 
change method was used in preference, because it is not possible to separate 
glycine and serine from all the purines and pyrimidines with the solvent 
systems described by Vischer and Chargaff (20). 

Measurement of radioactivity in the isolated bases was accomplished 
by evaporation of the solutions to small volume in vacuo, followed by 
evaporation to dryness on circles of Whatman No. 1 filter paper, 30 mm. 
in diameter. The paper circles were dried and counted directly. It was 
found that the actual radioactivity could be calculated by application of 
the self-absorption curve for organic material (22) by using for the thick- 
ness correction the weight of filter paper of constant area. This method 
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gives good reproducibility and the radioactivity is indepeadent of the ac- 
tual distribution of the sample on the paper, provided that internal counters 
are used. 

After counting, the paper circles were eluted by the methods of Vischer 
and Chargaff (20), with controls to correct for ultraviolet absorption by 
the paper, and were measured in the Beckman spectrophotometer. All 
radioactive samples were counted? sufficiently long to bring the statistical 
error to less than 10 per cent and were corrected for self-absorption. 


TABLE IV 


Specific Radioactivity of Purine and Pyrimidine Bases from Nucleic Acids of Rats 
48 Hours after Injection* with Glycine-2-C' 
The results are given in counts per minute per mg. 


| Normal liver 
— Rats | Rat Rat Ra 
a ats S 
cot | Gis | | | Gis | | Got | Gis | 
66 160 | 175; 165 | 480} 240. 305 
PNA adenine..........| 1030 | 5150 | 2900 | 3150 | 8700 6800 10,000 
470 | 3350 | 1800 | 2600 | 7800 4500 | 6,300) 
76 165 185, 
190 270 210 
50 | 215 | 255! 195 | 300] 160 220 
DNA adenine......... 3400 | 645 | 3100 5950 5200 
 guanine......... 1950 | 705 | 570 5400 4800 
490 0; 110 475 340 
‘¢ thymine.........| 560 42 | <20 600 670 
310 | 420) 585) 550 345 | 380] 500; 320 


+ 150 gm. female rat. The other normal rats represented are 250 to 280 gm. fe 
mules. 


‘The results of the measurements on the free purine and pyrimidine bases 
ure presented in Table LV. 


DISCUSSION 


Incorporation of the radioactivity into protein was generally greater than 
into the nucleic acids. The incorporation into all three fractions, PNA, 
DNA, and protein, was highest in regenerating liver and tumor, was ap- 
preciable in the liver, and relatively low in the thymus. In the normal 
livers the specific activities of DNA and PNA were essentially equal, 
whereas in the growing tissues, regenerating liver and tumor, the PNA 


2 We wish to acknowledge the assistance of Mrs. Jane Dean, Mrs. Edith Wallestad 
and Miss Marguerite Grymko in the measurements of radioactivity. 


*1.0 mg. per 150 gm. rat; 10,000,000 c.p.m. per mg. , 
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activity tended to be higher. The specific activity of adenine was higher 
than of guanine in all cases, while the activities of the pyrimidine bases in 
normal tissues were negligible. 

The specific activities of adenine and guanine were not greatly different 
in PNA and DNA from livers of mature rats, where DNA was shown by 
color tests and lack of uracil in the chromatogram to be essentially free 
of PNA, except for Rats G21 and G22, in which a 23 per cent contam- 
ination was observed. Even in this case, the activities are so high 
that the conclusion is not affected. These observations do not support 
the biochemical stability of DNA indicated by the results of Furst eé al. 
(16) with labeled adenine, and the results of Hammarsten and Hevesy 
(17) with P*, The latter found a 33:1 ratio in the turn-over rates of PNA 
and DNA in rat livers. Brues et al. (18), also using P®, found a turn- 
over rate of 5:1. Support for our finding of appreciable incorporation 
into the DNA of supposedly non-growing tissue was recently provided by 
Elwyn and Sprinson (23), who found, using methods and conditions very 
similar to our own, that rat liver adenine and guanine samples from PNA 
and DNA from rats also given glycine-2-C™“ had approximately the same 
specific activities. This is also indicated for a different nucleic acid pre- 
cursor, formate, by the results of Totter, Volkin, and Carter (24). Our 
data do not support the report of Elwyn and Sprinson (23) of considerable 
incorporation of glycine-2-C" into thymine. 

In view of the seemingly irreconcilable results obtained with glycine, 
serine, and formate on the one hand and with adenine and phosphorus on 
the other, it seems possible that two separate pathways of nucleic acid 
_ synthesis may exist. One might involve the combination of preformed 
adenine carbohydrate and phosphorus to form the nucleotide structure; 
the other, the incorporation of small building blocks into some form of 
open chain purine precursor to which the ribose and phosphorus moieties 
have already been attached. In order to gain further information on 
this subject, kinetic studies are now in progress. 


SUMMARY 


Injection of glycine-2-C™“ by stomach tube into rats has demonstrated 
that the presence of a large mass of non-necrotic Flexner-Jobling carcinoma 
transplant did not affect the extent of incorporation of glycine into the 
porphyrins of circulating hemoglobin. 

Nucleic acids and proteins of thymus, liver, and tumor were found to 
contain radioactivity, with the highest activity in the protein fraction. 
Incorporation of radioactivity was small in the thymus, greater in liver, 
and greatest in regenerating liver and tumor. ‘The incorporation tended 
to be higher at 12 hours, the shortest time tested, than at 48 hours. 

The free bases were isolated from the nucleic acid samples by ion ex- 
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change chromatography. In normal liver and in the other tissues, the 
adenine had the highest activity. Guanine was only slightly lower, but the 
activity of the pyrimidine bases was of a lower order. ‘The finding that the 
incorporation of radioactivity into the purine bases of desoxyribonucleic 
acid was equal or nearly equal to that in the purine bases of ribonucleic 
acid appears to cast considerable doubt upon the widely accepted concept 
of the biochemical stability of desoxyribonucleic acid. Little or no radio- 
activity was obtained in liver thymine in most cases. 
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COMPARATIVE MICROBIOLOGICAL STUDIES WITH 
VITAMINS By AND Biya 


By DAVID HENDLIN ann MARGARET H. SOARS 
(From the Research Laboratories, Merck & Co., Inc., Rahway, New Jersey) 


(Received for publication, July 12, 1950) 


Shorb (1) has demonstrated the response of Lactobacillus lactis Dorner 
to a factor in liver concentrates, designated LLD. Recently it has been 
shown that vitamin By. has LLD activity (2, 3). Several microorganisms 
also have been reported to require for growth liver concentrates which 
contain antipernicious anemia (APA) activity. Ample evidence has been 
obtained to show that Lactobacillus leichmannii responds to APA liver 
concentrates (4,5). In addition, a microbiological assay for vitamin B,. 
with L. leichmannii has been described (6, 7). It has also been demonstra- 
ted that crystalline APA is a growth factor for the protozoan Huglena 
gracilis in a chemically defined medium (8). We have also observed that 
a strain of Lactobacillus bifidus requires vitamin B, for growth (9). 

Discrepancies observed among these organisms in the assay of various 
liver concentrates prompted us to investigate the factors influencing the 
response of these microorganisms to vitamin By, vitamin By, (10), and 
to several liver preparations. This paper deals with the experimental 
results obtained from such a study. 


EXPERIMENTAL 


Assay Organisms and Basal Media—When L. lactis Dorner (ATCC 
8000) was used, the procedure previously described was employed (11). 
‘The medium and inoculum preparation in the case of E. gracilis were 
those reported by Hutner et al. (8), except that a total volume of 5 ml. was 
used. A modification of the medium described by Skeggs et al. (4) was 
used for L. leichmannii (ATCC 4797).' The culture was carried in an 
agar stab of the following composition: yeast extract, 1 per cent; dextrose, 
1 per cent; Salts A and B,? 0.5 per cent; Tween 80, 0.01 per cent; agar, 
1.5 per cent. A 24 hour broth culture of the above composition (minus 
agar) was used as the inoculum. ‘The culture was centrifuged, washed 
twice, and resuspended in distilled water to give a light transmission of 
60 to 70 per cent with the Evelyn photometer (540 my filter). Each tube 
was inoculated with 1 drop (0.05 ml.) of this suspension. JL. bifidus (ATCC 


1This medium was modified by eliminating the pyridoxal and adding p-amino- 
benzoic acid (20 y per 100 ml. of double strength medium). 
2 As described for L. lactis (11). 
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4963) assays were carried out in the medium and by the procedure outlined 
for L. letchmannit. 

Incubation—L. lactis and L. leichmannii were incubated for 40 hours 
and L. bifidus for 72 hours at 37°. Growth was determined by titrating 
the lactic acid formed with sodium hydroxide. FE. gracilis was incubated 
for 6 days at 28° (8) and growth determined turbidimetrically with the 
Evelyn photometer (420 mu filter). 

Pyrex test-tubes, 20 X 180 mm., were used in all the experiments. 

Experiments with the By, vitamins were carried out in assay media under 
the following three conditions: (a) addition to basal media prior to auto- 
claving, (b) aseptic addition to previously autoclaved media after steriliza- 
tion by filtration through ultra fine sintered glass filters, and (c) addition 
to media containing thioglycolic or ascorbic acid prior to autoclaving. 
An autoclaving time of 13 minutes at 120° was used with all media. 


Results 


Several APA liver preparations from various manufacturers, vitamin 
B,2. concentrates, crude livers, and vitamin Bj2., were added to the media 
prior to autoclaving and assayed by L. lactis, L. leichmannit, and E. gracilis. 
The results are shown in Table I. The values obtained by L. lactis and 
E. gracilis assay were in close agreement; however, significantly lower 
values were obtained with several of these samples by L. leichmannii assay. 
While vitamin Bj, possesses approximately 70 per cent vitamin By activ- 
ity for L. lactis and E. gracilis, it has only about 20 per cent vitamin By. 
activity for L. leichmannii. It has also been observed that concentrates 
containing only vitamin By, give approximately the same values when 
assayed with all three organisms; most APA liver concentrates, however, 
give lower values with L. leichmannii than would be predicted from their 
vitamin By content as determined with L. lactis. Many fermentation 
broths also showed microbiological response similar to that of APA liver 
concentrates. It seemed likely that this difference in microbiological re- 
sponse might be ascribed, at least in part, to the vitamin By, content of 
these preparations or to other yet unknown factors which show a vitamin 
B,.-like response. In this connection it is interesting to note that vitamin 
Bio, has been isolated from Streptomyces griseus fermentations (12). 

Reducing agents and conditions have been shown to replace completely 
vitamin By, in the nutrition of some lactic acid bacteria (13, 14). In 
addition, it has also been reported that such reducing agents as thiogly- 
colic and thiomalic acids prevent inactivation of the vitamin during auto- 
claving with the assay medium (15, 16). To investigate further the rela- 
tion of reducing agents and autoclaving to vitamin destruction, several 
liver preparations and vitamin Bi, were autoclaved with the media and 
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assayed with the test organisms in the presence and absence of reducing 
agents. The results are shown in Table II. 

A striking difference in microbiological response was obtained among 
assays run in the presence and absence of reducing substance, except in | 
the case of L. lactis. With this organism no significant differences were 


TABLE 
Comparative Microbiological Activity of Several LLD-Containing Preparations 


Vitamin Bi: equivalent 
Sample* : 
L. lactis | leich- pracitis 

Liver concentrate A,t y perml. .................... 1.2 0.5 1.1 

Vitamin B;. concentrate C, y perml................. 13.6 14.8 13.4 
Streptomyces LLD concentrate D, y perml. ........ 4.6 4.5 6.5 
Bacterial LLD concentrate E, y permg. ........... 0.04 0.01 0.04 


* The samples were autoclaved together with the assay media. 


+t The letters designate preparations from different manufacturers. The liver 
concentrates contain 15 U.S. P. units per ml. 


TABLE II 
Effect of Reducing Substances on LLD Activity 


Vitamin Bi: equivalent 
Sample* L. leichmannii | L. lactis L. bifidus 
A B A | C A D 

Liver concentrate 1,t y per ml....| 1.5 6.5 3.9 7.3 
10.6 9.8 | 11.4 5.0 8.5 
1.0 1.0 | 0.9 0.8 
Vitamin Bios, y perwugm. ........ 0.2 0.7 0.7 | 90.7 0.2 0.6 


A, no addition to medium; B, 0.01 per cent thioglycolic acid in medium; C, 0.02 
per cent thioglycolic acid in medium; D, 0.2 per cent ascorbie acid in medium. 

* The samples were autoclaved together with the assay media. 

t Liver concentrates containing 15 U.S. P. units per ml. 


noted. It appears from these data that vitamin By, activity is destroyed 
when the vitamin is autoclaved in the L. leichmannii basal medium, but no 
inactivation occurs in media containing thioglycolic and ascorbic acids. A 
more detailed comparison of vitamins By and By, in the L. letchmannit 
assay medium (Fig. 1) indicates the microbiological activity of vitamin 
By to be unaffected by the presence or absence of reducing agents. On 
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the other hand, vitamin By is rapidly destroyed on autoclaving in basal 
medium unless reducing agents are added. 

Recently, a red crystalline substance, designated vitamin Bi» (17), was 
isolated from Streptomyces aureofaciens fermentations. A sample (NP- 


ML. OF O.1IN NAOH 


8 LEGEND 
— AUTOCLAVED 
6 ADDED ASEPTICALLY 
~~ AUTOCLAVED + .O1% 
4 THIOGLYCOLLIC ACID 
O-O AUTOCLAVED + .O1% 
27 VITAMIN ASCORBIC ACID 
So 38486868 8 20 
m pG./1O ML. 


Fic. 1. The effect of reducing conditions on the microbiological activity of the 
By. vitamins for L. leichmannit. 


92-58-4)* of vitamin By», was compared with vitamins B,. and By,. Both 
by L. lactis and L. leichmannii assay, vitamin By appeared to be identical 
to vitamin By,. Vitamin By, was destroyed by autoclaving in the L. 
leichmannii medium, and such destruction was prevented by the presence 
of reducing agents (lig. 1). 


* Kindly supplied by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company, Pearl River, New York. 
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While variable results were frequently encountered with 0.01 per cent 
thioglycolic acid, good reproducibility was obtained when the concentra- 
tion was increased to 0.02 per cent. 

It was also noted (Fig. 1) that the addition of thioglycolic acid to the 
L. leichmannii medium, and to an even greater extent ascorbic acid, per- 
mits an increase in growth to occur in the absence of added vitamins. 
Increasing the thioglycolic acid from 0.01 to 0.02 or 0.04 per cent always 
resulted in a significant increase in growth response in unsupplemented 
(control) tubes. While the sensitivity of the assay is increased by the 
presence of reducing substances, the comparative activity of vitamins 


TaB.LeE III 
Effect of Reducing Agents on Aqueous Solutions of Vitamins By2 and Bio 
Vitamin Bis Vitamin Bisa 
Per cent loss of activityt Per cent loss of activityt 
Treatment® 
Autoclaving time (min.) Autoclaving time (min.) 
ot 5 10 15 60 ot 5 10 15 60 
0.0; 0.0; 0.0} 7.0)20.0; 4.0; 6.0} 5.0/10.0'60.0 
Thioglycolic acid, 0.01 %.....| 0.0,>90.0 30.0} >90.0 
0.05 %.... .|13.0:>90.0 75.0) >90.0 
Ascorbic acid, 0.01%. .|384.0, 90.0)/>90.0 >90.0 


*Samples containing 0.1 y of the vitamin per ml. were adjusted to pH 7.0 + 
0.2 and were autoclaved at 120°. 

t Microbiological activity was determined by autoclaving the sample in the 
L. lactis assay medium. 

t Stored at room temperature for 3 hours prior to assay. 


By and By, is the same as that obtained by their aseptic addition to auto- 
claved medium. 

Although inactivation of vitamin By, was prevented in assay media 
containing thioglycoliec or ascorbic acid, rapid destruction of vitamins By» 
and Bios, as determined by L. lactis assay, was observed during autoclaving 
in aqueous solutions containing reducing substances. Moreover, vitamin 
Bisa Was destroyed at room temperature by the presence of such reducing 
substances (Table III). These results with vitamin By are in agreement 
with those reported by others (16). 

In experiments with L. lactis, considerably different observations were 
made with vitamins By and Bi, (Fig. 2). Unlike the response of J. 
leichmannii, that of L. lactis to both vitamins was considerably reduced 
When these substances were added aseptically to the medium after sterili- 
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zation by filtration. Autoclaving the B,z vitamins with the medium en- 
hanced their biological activity. Moreover, the addition of thioglycolic 
acid further increased their activity for L. lactis. 

When vitamin B,., activity was determined with L. lactis under the three 
test conditions, it was noted that its activity varied from 50 to 100 per cent 
of that of vitamin By, depending upon the conditions used (Fig. 2). When 
assayed by aseptic addition to the medium, vitamin B,., was approximately 
50 per cent as active as vitamin By. When autoclaved with the medium, 
it possessed approximately 70 per cent of the activity of vitamin By, while 
in the presence of thioglycolic acid it was equivalent to vitamin By. 


ML. OF 0.05N NAOH 


— AU OCLAVED 


ADDED ASEPTICALLY 
-~—- AUTOCLAVED + .02% 
THIOGLYCOLLIC ACID 


2 VITAMIN Byo 
m pG./ SML. 


Fic. 2. The effect of reducing conditions on the microbiological activity of the 
Bie vitamins for L. lactis. 


DISCUSSION 


lt has been observed that under strictly anaerobic conditions or in the 
presence of reducing substances L. lactis and L. leichmannii are able to 
grow without the addition of vitamin B,,: (13, 14). It was not surprising, 
therefore, to observe in these investigations that at some of the concentra- 
tions used thioglycolic and ascorbic acids were able to elicit a growth re- 
sponse from L. leichmannii in the absence of added vitamin By. Studies 
by other investigators (15, 16) indicate that an increased growth response 
was obtained to liver concentrates with thioglycolic acid when the L. 
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leichmannii assay was used. This observation was interpreted as indicat- 
ing @ mechanism whereby the destruction of vitamin By. by autoclaving 
in the medium is prevented. Our data indicate that it is vitamin By, 
which is readily destroyed by autoclaving in the L. leichmannii medium 
and that vitamin By, is unaffected by these conditions. Reducing sub- 
stances added to the assay media appear to prevent such destruction. 
The significant loss of activity observed with liver concentrates when 
autoclaved in the absence of reducing substance (15, 16), plus paper strip 
chromatography (9), points to the fact that a significant portion of their 
activity is due to vitamin Bis, or Byz,-like substances. Conditions of 
assay appear to be of extreme importance for both L. leichmannii and L. 
lactis when vitamins B,. and By, are being assayed. Depending upon 
the procedure and organism used, vitamin B,., may be found to be from 
25 to 100 per cent as active as vitamin By. 

The increased microbiological response to vitamins B,2 and Bisa, follow- 
ing autoclaving or the addition of reducing substances in the case of the 
L. lactis assay, as well as the difference in activity ratio of vitamins B,, 
and Bi, noted under these conditions, is difficult to explain with the data 
available at present. The explanation of Welch and Wilson (18) of reduc- 
ing substance activity, namely its ability to convert “‘oxidized” vitamin 
By to a more active reduced form, warrants some consideration, but can- 
not be considered the whole answer in the light of the data obtained 
with L. leichmannii and L. bifidus. 


SUMMARY 


The microbiological activities of vitamins Bj, and By, depend markedly 
upon the assay organism and technique employed. 

In the Lactobacillus leichmannit assay the growth-promoting effect of 
vitamin By, is destroyed by autoclaving with the medium; vitamin B,, is 
unaffected. This destruction is prevented by the addition of suitable 
quantities of thioglycolic or ascorbic acid. Since many liver samples 
show a comparable loss of activity upon autoclaving with the L. letch- 
mannii assay medium, it appears that they contain appreciable quantities 
of vitamin By», or substances. 

In the case of Lactobacillus lactis there appears to be no loss of micro- 
biological activity of vitamin By: or By, during autoclaving with the assay 
medium. The activity of both vitamins was increased by autoclaving 
and the addition of reducing substances. In addition, these conditions 
lead to an increase in the potency of vitamin By, and so it reaches the 
biological activity of vitamin Bye. 

No apparent differences in microbiological activity were observed be- 


4 
* 
$ 
3 
j 
t 
& 


610 VITAMINS By AND 


tween vitamin Bj, and a substance described in the literature as vitamin 
By. 
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ANTAGONISTS OF NUCLEIC ACID DERIVATIVES 
V. PTERIDINES 


By GERTRUDE B. ELION ann GEORGE H. HITCHINGS 
(From the Wellcome Research Laboratories, Tuckahoe, New York) 


(Received for publication, August 29, 1950) 


During the investigation of the effect of pyrimidines (1) and condensed 
pyrimidine systems on the nucleic acid metabolism of Lactobacillus casei 
(2-4) the pteridines (4) were of particular interest. 

The inhibitory effect of xanthopterin on Streptococcus lactis R and on 
L. caset was reported by Wright and Skeggs (5), who also found isoxan- 
thopterin and leucopterin to be inactive on these microorganisms. The 
demonstration of the pteridine ring system in folic acid (6) gave impetus 
to the study of this class of compound. Daniel et al. (7) have shown that 
a number of synthetic 2,4-diaminopteridines has an inhibitory effect on 
Streptococcus faecalis and L. casei and that there is a synergism between 
some of these pteridines and sulfonamides for bacteria such as Escherichia 
colt, Staphylococcus aureus, and Lactobacillus arabinosus, which synthesize 
folic acid (8). . 

This paper presents the results of the investigation of thirty-four syn- 
thetic pteridines on the growth of L. casei in a number of media designed 
to reveal stimulatory and inhibitory effects, the reversibility of inhibitions 
by folic acid or adenine, and the possible potentiation of inhibition by 
p-aminobenzoylglutamic acid (pABG). Two of these pteridines (Com- 
pounds 18 and 27) were among those previously studied by Daniel et al. 
(7, 8). 

EXPERIMENTAL 


Microbiological—The basal medium for L. casei (O) is the one previously 
described (3). By adding supplements, the following media are obtained: 
OFA, O + 0.046 mugm. of folic acid per ml.; P, O + 10 y of adenine sul- 
fate per ml.; PT, P + 1 y of thymine per ml.; and PFA, P + 0.046 mugm. 
of folic acid per ml. When larger amounts of folic acid were added to the 
O medium, such accounts are designated in parentheses after the symbol 
FA. The OFA + pABG medium is obtained by the addition of 0.5 mg. 
of p-aminobenzoylglutamic acid per ml. to the OFA medium. The cul- 
tures were incubated at 37° for 68 hours. In those experiments in which 
the compounds were not autoclaved with the medium (Table II), aqueous 
solutions of the compounds were passed through a Pyrex fritted glass fil- 
ter (ultrafine) and then added under sterile conditions to the autoclaved 
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medium. Whenever this technique has been used, specific mention has 
been made; otherwise, the usual procedure for autoclaving was employed. 

Compounds—All the compounds reported were synthesized in these 
laboratories. The syntheses of the previously unreported pteridines will 
be published elsewhere. The only compound of questionable identity is 
Compound 20, 2-amino-4-hydroxy-6-hydroxymethylpteridine, which was 
prepared according to the procedure of Spiegelberg and Rey-Bellet (9) 
and used in its crude state. Paper chromatography of this compound, 
kindly performed for us by Dr. Aaron Bendich, shows that this sample 
contains at least two compounds, neither of which has definitely been 
identified. 


Results 


Of the thirty-four pteridines which were autoclaved in the folic acid- 
containing medium OFA (Table I), all those having a 2-amino and a 
4-amino or substituted amino group (Compounds 21 to 33) are inhibitory. 
The strongest inhibitors in this group are 2,4-diamino-6 , 7-dimethylpteri- 
dine (Compound 27) and 2,4-diamino-6,7-di-p-chlorophenylpteridine 
(Compound 28), both of which are active at a concentration of 0.01 mg. 
per 10 ml., and 2,4-diamino-6,7-dihydroxypteridine (Compound 26), 
which is inhibitory at the 0.05 mg. level. Substitution of the 4-amino 
group of Compound 27 by tertiary amino groups (Compounds 32 and 33) 
reduces the activity somewhat, although both Compounds 32 and 33 are 
active inhibitors at 0.25 mg. per 10 ml. All the other pteridines in this 
group produce a significant inhibition of growth at the 1 mg. level. In 
general, a 10 per cent change in titer is not considered significant. 

Among the 2-amino-4-hydroxypteridines (Compounds 8 to 20) in Table 
I, only Compounds 8, 10, 18, 14, and 15 show no inhibitory effect in the 
OFA medium. Xanthopterin (Compound 9) and a-dihydroxanthopterin 
(Compound 12) are the strongest inhibitors in this group. One other 
2-aminopteridine (Compound 34), which has no substituent in the 4 posi- 
tion, is moderately inhibitory. Those compounds which do not contain 
an amino group in the 2 position (Compounds 1 to 7) are inactive, with 
the exception of 2-mercapto-4-amino-7-hydroxypteridine-6-carboxylic acid 
(Compound 7), which is somewhat inhibitory. 

In the presence and absence of p-aminobenzoylglutamic acid (10), the 
marked difference in the activity of xanthopterin which has been auto- 
claved with glucose led to an investigation of the pteridines in a pABG- 
containing medium, OFA + pABG (Table I). It was found that the 
inhibitory effect of a number of the pteridines is strongly potentiated by 
pABG and that some which have little or no activity in the usual test 
become strong inhibitors in the presence of pABG (Compounds 8, 10, 11, 
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13 to 15, 21 to 32, and 34). Each of the pteridines which is potentiated 
in this way contains a 2-amino group. Some of the 2-amino-4-hydroxy- 
pteridines which inhibit the growth of L. casez about 50 per cent in the 
OFA medium (Compounds 16, 17, and 18) show approximately the same 
effect in OFA + pABG medium. None of the pteridines with a hydroxyl 
or mercapto group in the 2 position is affected by the addition of pABG. 
Only two compounds, xanthopterin (Compound 9) and 2-amino-4-hydroxy- 
6-hydroxymethylpteridine (Compound 20), become strongly stimulatory 
when autoclaved in the pABG-containing medium, while another, a-dihy- 
droxanthopterin (Compound 12) (11), shows a decrease in its inhibitory 
effect. 

When the pteridines were studied in a medium containing sufficient folic 
acid for maximum growth (0.56 mugm. per ml.) (Table I), their inhibitory 
effects were found to be generally smaller than on the usual restricted 
medium (e.g., Compounds 7, 17, 18, 22, 24, 25, 28, 30, and 34). With 
the stronger inhibitors, higher amounts of folic acid are necessary to bring 
about a reversal of the inhibition. The possible competitive nature of the 
antagonism between these pteridines and folic acid was examined in some 
cases (Table III) and will be discussed below. 

The reversing action of 10 y of adenine sulfate per ml. on inhibitions in 
the folic acid medium is shown in the PFA column (Table I). In most 
cases the inhibition is completely abolished; with Compounds 17, 18, 27, 
32, and 33, however, reversal is only partial. A more detailed study of 
these reversals is given in Table IV, to be mentioned later. 

The possible effect of adenine on the increased inhibition produced in 
the presence of pABG was tested by the addition of pABG to the PFA 
medium in a number of instances (last column, Table 1). With a number 
of substances (Compounds 10, 138, 14, 15, 22, and 25) the effect of adenine 
is negligible, while with two pteridines (Compounds 21 and 24) there is a 
possible diminution of the inhibition. 

The ability of ZL. caset to grow in a medium containing thymine and 
adenine is well known (12, 13). A few of the pteridines which are listed 
in Table I are capable of inhibitory effects in this medium (Compounds 
12, 16, 17, 22, 27, 28, and 32 show this tendency). The three compounds 
which are strongly inhibitory in the PT medium, 2 ,4-diamino-6, 7-dimeth- 
ylpteridine (Compound 27) 2,4-diamino-6,7-di-p-chlorophenylpteridine 
(Compound 28), and 2-amino-4-dimethylamino-6 ,7-dimethylpteridine 
(Compound 32) are likewise inhibitory in the PFA medium at that con- 
centration. 

The data of Table I refer to experiments in which the media containing 
the compounds were sterilized in autoclaving in the usual way. ‘The bio- 
logical properties of xanthopterin are markedly altered by heating with 
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the medium (10) (Compound 9, Table II). Therefore, sterile solutions 
of a number of the substances were prepared by filtration and added 
aseptically to the previously autoclaved medium. ‘The results of these 
experiments are presented in Table IL for comparison with those in ‘Table 


Il 
Effects of Sterilely Filtered Pteridines on Growth of L. casei 


Medium 
Com- Pteridine substituents 
pound Con- | ora me PFA 
tra~ 
tion 
2 4 6 7 Per cent change in titer 
mi. 
7|SH | NH, COOH OH 1.0 | —25 |; —18] —10 0) 
9 | NH. OH OH H 1.0 | —64| —69 —39 0 
mi * ds CH; 1.0 | —14| —45 0 0 
COOH | 1.0 | —25| —10 0 
(a-Di- | 0.05 | —60 | —67 | —27 
hydro)| 1.0 | —88 —60 
H OH 1.0 0; —83 0 0 
CH; 1.0 0 | —67 0 0 
COOH 1.0 | —51 | —57} —43 |] —15 
OH 1.0 | —40 | —72| —28 
CH; CH; 1.0 | —28| —10 
i ie si CH.OH | H 1.0 | —65| —84 0 () 
NH; OH 1.0 | —86 —76 | —14 
CH; 1.0 | —50 | —68 | —22 0) 
(Di- 0.05 | —10 | —23 
| hydro) 
1.0 | —87 | —86 | —59 | —12 
2a | CH; OH 1.0 0 | —30 0 0 
COOH 1.0 | —24| —78 0 0 
OH 0.05 | —39 | —60 | —10 0 
| | 1.0 | —87 —77 0) 
CH; CH; 0.01 | —68 
| | | 0.05 | —55| —16 
20; | N(CH.CH.2OH )» | COOH OH 0.05; —38 | —50  —10 0) 


I. Compound 20 behaves like xanthopterin. Both are inhibitory when 
sterilized by filtration, but support growth in the presence of pABG after 
having been heated with the medium. A few substances (Compounds 12, 
22, and 30) are somewhat more inhibitory when sterilized by filtration, 
and Compounds 18 and 24 are somewhat more inhibitory when heated in 
the medium. For the most part, however, the changes are minor, and it 


XUM 


oo & 


G. B. ELION AND G. H. HITCHINGS 617 


is only with Compounds 9 and 20 that a striking effect of heating with the 
medium is observed. 

Investigation of five of the pteridines over a wide range of folic acid 
concentration reveals that the antagonism between these inhibitors and 
folic acid is of a semicompetitive nature (Table III). At low concentra- 
tions of xanthopterin (Compound 9), leucopterin (Compound 17), and 
2,4-diamino-6 ,7-dimethylpteridine (Compound 27), the ratio of inhibitor 


Taare III 
Reversal of Inhibition by Folic Acid in Medium O 


Concentration of folic acid, mugm. per ml. 


Com- 
poun Compound | | 0.560 | 2.80 | 14.4 | 71.9 
Ml. 0.1 N acid produced per 10 ml. 
Control 4.5 | 11.0} 14.3 | 14.4} 14.4) 14.4 
9 | 2-Amino-4,6-dihydroxy - 
pteridine (xanthopterin)* 0.2 2.7 6.2 | 12.7 | 14.4 | 14.4 
1.0 1.5 3.7 8.7 | 13.9 | 14.0 
5.0 1.3 2.6) 7.3 | 12.4 | 13.7 | 13.5 


17 | 2-Amino-4,6,7-trihydroxy- 
pteridine (leucopterin) 0.2 3.9 
1 1.0 


© 
to 
— 
om 
— 


21 | 2,4-Diamino-6-hydroxy- 


pteridine 0.2 0.9 1.5) 4.7 12.1) 14 14.0 
1.0 0.9 1.0; 8.8] 11.7} 11.7 
26 | 2,4-Diamino-6,7-dihydroxy- 
pteridine 0.05 | 3.0 14.3 | 14.4 | 14.4) 14.4 
0.25 | 0.7 0.8; 2:0) 5.5| 9.3) 8.3 
1.25 | 0.7 71 1.4] 3.6] 4.7] 5.5 
27 | 2,4-Diamino-6,7-dimethyl- 
pteridine 0.025 2.5 8.1 13.9) 14.4 14.4! 14.4 
0.125 0.9 2.3 10.5) 14.4 14.4) 14.4 
0.625 0.6 | 0.7) 0.8!) 3.9) 9.6) IL. 


to metabolite which produces a given inhibition is essentially constant; at 
higher concentrations of the inhibitors the reversal by folic acid is not 
complete, but increasing amounts of the metabolite do produce increased 
growth. ‘This semicompetitive relationship is likewise apparent for the 
4-amino analogues (Compounds 21 and 26) of xanthopterin and leu- 
copterin. In general, 0.56 mugm. of folic acid per ml., which gives full 
growth in the control medium, is not sufficient to reverse the inhibitions 
produced by these five pteridines except at the very low levels. 
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A number of the other pteridines which do not show complete reversal 
by 0.56 myugm. of folic acid per ml. were tested in the presence of 71.9 
myugm. of this metabolite (Table IV). Whereas the 2-amino-4-hydroxy- 
pteridines (Compounds 16, 19, and 20) are no longer inhibitory at this 


TaBLe IV 
Reversal of Inhibition by Folic Acid 
| Medium OFA | Medium FA 71.9, 
Compound No. Concentration } pes | mygm. per mi. 
| MI. 0.1 N acid produced per 10 ml. 
mg. per 10 ml. | : | 
Control ! 5.15 | 13.2 
16 1.0 | 1.9 | 11.2 
19 1.0 | 2.6 | 13.1 
20 | 1.0 | 3.25 13.0 
32 0.5 | 0.9 | 3.9 
33 0.25 | 3.3 | 12.3 
TABLE V 
Reversal of Inhibition by Adenine in OFA Medium 
Concentration of adenine sulfate, micrograms per ml. 
Com- 
pound Compound yor aol | 0.3 | 1.0 | 3.0 | 10 | 30 
MI. 0.1 N acid produced per 10 ml. 
"10 ml. 
Control 6.2 | 6.7 | 6.8 | 7.0 | 7.7 | 7.9 
9  2-Amino-4,6-dihydroxy- 0.338 | 3.2 | 3.4 | 3.5 | 4.8 | 7.5 | 8.1 
pteridine (xanthopterin)* | 1.0 33 1 328 1 3.80 1 78 
| 3.0 1.4 | 2.2 | 3.0 | 5.2 | 7.6 | 8.1 
21) 9 2,4-Diamino-6-hydroxy- 0.3 1.1 | 2.1 | 6.8 | 6.6 | 7.1 | 7.1 
pteridine 1.0 1.7 | 3.0 | 4.1 | 5.2 | 6.9 | 6.8 
26 2,4-Diamino-6 ,7-dihydroxy- | 0.3 0.9 | 2.6 | 5.0 | 7.0 | 7.7 
| pteridine 1.0 0.56 | 1.8 | 4.4 | 6.4 | 7.3 | 
2,4-Diamino-6,7-dimethyl- | 0.005 | 4.8 | 5.7 | 6.2 | 6.3 | 7.2 
| pteridine 0.05 2.8 | 2.8 | 2.9 | 3.9 | 5.4 | 5.3 


* Filtered sterilely and added aspetically to autoclaved medium. 


high level of folic acid, very little growth is obtained in the presence of 
2-amino-4-dimethylamino-6 ,7-dimethylpteridine (Compound 32). In the 
case of Compound 33 the reversal is essentially complete. 

The effect of adding graded amounts of adenine with several of the 
pteridines in the OFA medium is shown in Table V. At a concentration 
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of 10 y of adenine sulfate per ml. there is no appreciable inhibition shown 
by xanthopterin, 2 ,4-diamino-6-hydroxypteridine, or 2 ,4-diamino-6,7-di- 
hydroxypteridine, although these pteridines are inhibitory at lower con- 
centrations of adenine. 2,4-Diamino-6,7-dimethylpteridine, on the other 
hand, is inhibitory at the 0.05 mg. per 10 ml. level even when 30 y of aden- 
ine sulfate per ml. are added. 


DISCUSSION 


The inhibitory effect of 2,4-diaminopteridines is well known (7, 8, 14, 
15) and is consistent with the similar activity of all 2 ,4-diaminopyrimidines 
and condensed systems (2) containing this moiety. Replacement of the 
4-amino group by secondary or tertiary amino groups generally decreases 
this inhibition. Thus Compounds 32 and 33 are weaker inhibitors than 
Compound 27, while Compounds 29 and 31 are weaker than Compound 25. 
This effect is not observed with Compound 30, which is approximately as 
active as Compound 25 in the OFA medium.! 

The inhibitory nature of the 2-amino-4-hydroxypteridines has not been 
generally observed, although the interference of xanthopterin with the 
metabolism of ZL. casei has been reported (4, 5, 10). The relative ease with 
which the effects of these pteridines may be reversed by adenine or by folic 
acid may be largely responsible for the failure to recognize them as! inhibi- 
tors previously. | 

The inhibitory pteridines appear to be interfering with the utilization 
of folic acid, as shown by the competitive nature of the antagonism at low 
levels of the inhibitor. Those compounds which are inhibitory in the 
absence of adenine (OFA), but not in its presence (PFA), appear to inter- 
fere with the synthesis of adenine but not with that of thymine (or its 
equivalent). The non-competitive nature of the reversal by adenine is 
well shown for Compounds 9, 21, and 26 in Table V. Here, when the 
concentration of adenine sulfate reaches 10 y per ml., which is the level 
for optimum growth in a thymine-containing medium, these pteridines 
are no longer inhibitory regardless of their concentration. A further group 
of inhibitors becomes inactive when both adenine and thymine are present 
(PT medium) (Compounds 17, 18, 33, and low levels of 27 and 28). On 
the other hand, some closely related compounds (Compounds 12, 22, and 
32) are more inhibitory in the PT than in the PFA medium. This would 
appear to suggest that the two growth systems are alternatives which may 
involve some differences in biochemical pathways (1). 

The striking ability of many of the 2-amino-4-hydroxypteridines and 
some of the other 2-aminopteridines to become strong inhibitors of growth 


1 While this work was in progress, it was reported that the 4-alkylamino deriva- 
tives of folic acid are less inhibitory than 4-amino derivatives for S. faecalis R (16). 
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in the presence of pABG, even when they are inactive in its absence, sug- 
gests some interesting hypotheses (10). One may postulate that, by the 
action of some enzymatic system, the pteridines are combined chemically 
with pABG to form new inhibitory analogues of folic acid. As an alterna- 
tive one might assume that, in the metabolism of folic acid, attachment to 
some surface may involve both the peptide and the pteridine portions of 
the molecule. Under these circumstances, when one attachment had been 
effected, the other would be expected to be greatly facilitated. The 
simultaneous presence of competitors for both points of attachment thus 
might result in a strong inhibition, whereas one analogue alone is ineffec- 
tive. Daniel and Norris (8) have assumed that two enzyme systems, 
closely related metabolically, are involved in the observed synergistic ac- 
tion between pteridines and sulfonamides. It is conceivable that the type 
of explanation outlined above could apply to their observations. By the 
same reasoning it would be possible to explain the stimulatory effect, 
in the presence of pABG, of a compound such as the product formed by 
heating xanthopterin with glucose. The enzyme, which has the folic acid 
moiety in its prosthetic group, might function equally well if pABG and 
an appropriate pteridine replaced folic acid on the active surfaces of the 
protein. That the requirements for such a functioning pteridine would 
be highly specific is shown by the fact that only two of the compounds 
tested (Compounds 9 and 20) appear to be capable of producing such a 
substance. 


SUMMARY 


The effects of thirty-four pteridines on the growth of Lactobacillus casei 
have been studied in different media. All the 2,4-diamino- and 2-amino- 
4-alkylaminopteridines, a number of 2-amino-4-hydroxypteridines, and one 
2-aminopteridine were found to be growth inhibitors in the folic acid- 
containing medium. Some of the pteridines were also found to be inhibi- 
tory in a medium containing adenine and thymine. 

Many of these substances exhibit a greater inhibition in the presence of 
p-aminobenzoylglutamic acid than in its absence. <A possible explanation 
for this synergistic action of the peptide is suggested. 


The authors wish to express their indebtedness to Henry VanderWerff 
for microbiological assays and to Elizabeth Burgi for assistance with some 
of the syntheses. 
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DIAMINE OXIDASE OF MYCOBACTERIUM SMEGMATIS: EF- 
FECT OF STREPTOMYCIN AND DIHYDROSTREPTOMYCIN* 


By E. ALBERT ZELLER,{ CHARLES A. OWEN, Jr., anp ALFRED G. KARLSON 
(From the Division of Biochemistry, Mayo Foundation, Division of Clinical Labora- 
tories, Mayo Clinic, and the Division of Experimental Medicine, Mayo 
Foundation, Rochester, Minnesota) 


(Received for publication, August 14, 1950) 


Although streptomycin has been shown to affect several enzyme reac- 
tions (1-3), its ability to interfere with the amine metabolism of bacteria 
has been overlooked despite the fact that many antibiotic and tuberculo- 
static agents, including streptomycin, are monoamines or polyamines. 

There exists within bacteria only one well defined enzyme which attacks 
amines, diamine oxidase (DQ); its activity is particularly great in Pseudo- 
monas (4, 5) and in Mycobacterjum smegmatis (6). While closely related, 
bacterial and mammalian DO are not identical (6). However, the marked 
sensitivity of mammalian DO to diguanidines (7) suggested similar studies 
with the bacterial enzyme. The diguanidine derivatives streptomycin and 
dihydrostreptomycin were found to inhibit the DO of acid-fast bacteria in 
minute concentrations (8). 

In this paper results with ./. smegmatis are reported, while those ob- 
tained with other acid-fast organisms, including pathogenic tubercle ba- 
cilli of the human type, will be published later. 

Materials 

The recrystallized dihydrochlorides of ethylenediamine, 1 ,3-diaminobu- 
tane,! 1 ,3-diaminopropanol, | ,3-diaminopropane,! 1 ,4-diaminobutane (pu- 
trescine), 1 ,5-diaminopentane (cadaverine), 1 ,6-diaminohexane, and 1 ,4- 
diguanidinobutane (arcaine) were employed. Hydroxyisocaproic acid was 
obtained from t-leucine by the action of nitrous acid (9,10). The reaction 
product of the oxidation of L-phenylalanine by ophio-L-amino acid oxidase 
was prepared in the presence of hemolyzed erythrocytes (11). As anti- 
biotics the trihydrochlorides of streptomycin and dihydrostreptomycin and 
the sodium salt of penicillin G were used. 

Three strains of M. smegmatis (American Type Culture Collection, 


* Read at the 116th meeting of the American Chemical Society at Atlantic City, 
New Jersey, September 18-23, 1949. 

+t Present address, Department of Chemistry, Northwestern University Medical 
School, Chicago, Illinois. 

1The 1,3-diaminobutane and 1,3-diaminopropane were furnished through the 
courtesy of Dr. E. J. Herbst and Dr. G. A. Alles, respectively. 
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strains 1, 101, and 361) were cultivated for 3 days on a modified liquid 
synthetic medium of Youmans and Karlson (12). Streptomycin-resistant 
variants of the three strains were obtained by subculturing on a medium 
containing increasing amounts of streptomycin. These variants were re- 
sistant to more than 30 mM streptomycin in the medium, in contrast to the 
parent strains, which were sensitive to less than 1 um streptomycin. The 
quantity used in each experiment represents the volume of washed, centri- 
fuged bacteria; each ml. contained 8 mg. of nitrogen. The bacteria were 
diluted 1:10 or 1:20 with phosphate buffer for actual use (13). 


Methods 


All enzyme reactions were carried out manometrically in M/15 phosphate 
buffer, pH 7.2, at a temperature of 38° (6). Inhibitors were added to the 
bacterial suspensions before the substrates were tipped in and were in 
contact with the bacteria about 30 minutes before the DO reaction started. 
Concentrations are given in terms of the final volume. Velocities are de- 
scribed by Q values, which are calculated as micromoles of oxygen or am- 
monia per gm. of wet, packed bacteria. ‘These Q values correspond to DO 
units (14,15). In all cases the blanks are subtracted from the actual values 
obtained. At the conclusion of each experiment ammonia was measured 
in Conway units (16, 17). 

Activities of catalase (6), a-hydroxy acid oxidase (10), a-keto acid oxidase 
(18), and L-peptidase (13) were measured as previously described. 


Results 


Oxidative Deamination of Aliphatic Diamines—Of a series of aliphatic 
diamines, putrescine and trimethylenediamine were the best substrates for 
the DO of M. smegmatis (Table I). This result contrasts with that ob- 
tained with mammalian DO, for which cadaverine is a preferred substrate 
(7, 15). 

1 ,3-Diaminopropanol (of which streptomycin is a derivative) is com- 
pared with 1 ,3-diaminobutane and 1 ,3-trimethylenediamine as substrates 
(Table II); 1 ,3-diaminopropanol seems to be attacked most readily by the 
bacteria. 

Inhibition of Diamine Oxidase by Arcaine—Just as arcaine and deca- 
methylenediguanidine (synthalin) are strong inhibitors of mammalian DO 
(7), so arcaine blocks the DO of 1. smegmatis (Table III). Since arcaine 
and other guanidine derivatives were found to be deaminated by the bac- 
teria, ammonia values were of little aid in measuring DO inhibition. 

Inhibition of Diamine Oxidase by Streptomycin and Dihydrostreptomycin— 
The enzymic oxidation of putrescine was inhibited by streptomycin (Table 
IV) or dihydrostreptomycin (Fig. 1); comparable results were obtained 
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TABLE I 


Oxidative Deamination of Aliphatic Diamines by M. smegmatis in Presence and 
Absence of Dihydrostreptomycin 
Bacteria, 0.06 ml. of MM. smegmatis, strain 101, streptomycin-sensitive. Sub- 
strates, 0.01 m dihydrochlorides. Volume, 1.0 ml.; duration, 7} hours. Qyo, values 
were calculated only when a given substrate yielded a linear oxygen uptake from 
the onset of the experiment. 


Without dihydrostreptomycin | With 0.01 — 


| O Ammoni A i 

Quo, | | Ammenie | Ono, | | Ammonia 
uM uM uM 
Ethylenediamine............. 11 5.6 0.6 22 34 0.1 
Trimethylenediamine......... 16 17.0 3.1 13 2.6 1.1 
Putrescine.................... 29 30.1 5.6 3 2.9 1.4 
Hexamethylenediamine....... | fo: Be 0.5 10 2.1 0 

II 


Oxidative Deamination of Trimethylenediamines by M. smegmatis 
Bacteria, 0.07 ml. of M. smegmatis, strain 101, streptomycin-sensitive. Sub- 
strates, 0.01 m dihydrochlorides; total amount, 10 um. Volume, 1.0 ml.; duration, 
5} hours. The velocity of oxygen uptake is linear for 2 hours. 


| | uM eM 
Trimethylenediamine................. | 15 | 5.0 0.4 
1,38-Diaminopropanol................. | 33 10.4 2.9 
1,8-Diaminobutane ........... 23 | 6.5 | 1.4 
TABLE III 


Inhibition of Enzymic Oxidation of Putrescine by Arcaine 


Bacteria, 0.04 ml. of M. smegmatis, strain 101, streptomycin-sensitive. Sub- 
strate, 0.01 m putrescine dihydrochloride. Arcaine, 13.3 mm. Volume 1.0 ml. 


| | Oxygen uptake | 
Experiment No. Duration | 
With putrescine | 
hrs uM uM 

12 8.9 4.4 5] 

2 93 | 11.1 5.4 | 51 

3 | 73 | 9.6 | 4.4 | n4 
4 | 
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TaBLe IV 


Streptomycin Inhibition of Oxidative Deamination of Putrescine by Three Strains 
of M. smegmatis 


Bacteria, 0.025 ml. of M. smegmatis, streptomycin-sensitive strains. Substrate, 
Volume, 1 ml.; duration, 4 hours. 


0.015 m putrescine dihydrochloride. 


Streptomycin Strain Oxygen uptake Inhibition 
mM pM per cent 
None 1 6.0 
101 5.4 
361 5.6 
1 1 1.4 78 
101 0 100 
361 2.8 50 
0.033 1 2.3 62 
101 0 100 
361 3.5 37 
0.008 101 2.7 50 


Hours 


Fig. 1. Inhibition of enzymic oxidation of putrescine by dihydrostreptomycin. 
Bacteria, 0.06 ml. of M. smegmatis, strain 101, streptomycin-sensitive. Substrate, 
0.01 m putrescine, added to the bacterial suspension after dihydrostreptomycin; 
volume, 1.0 ml. @, oxygen uptake in the absence of dihydrostreptomycin; O, oxygen 
uptake in the presence of 0.01 mm dihydrostreptomycin. 
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with the less active cadaverine. The strain variation in antibiotic sensi- 
tivity led to the use of strain 101 for the work reported here. Increasing 
age of the bacteria is known to affect the DO activity (6). In Table V it 
is seen that with this shift in activity there is some increase of the inhib- 
itory function of dihydrostreptomycin. 


TABLE V 
Dihydrostreptomycin Inhibition of Oxidative Deamination of Putrescine by 
M. smegmatis of Various Ages 


Bacteria, 0.05 ml. of M. smegmatis, strain 101, streptomycin-sensitive. Sub- 
strate, 0.01 m putrescine dihydrochloride. Volume, 1.0 ml.; duration, 5 hours. 


Inhibition by dihydrostreptomycin® 
Age of culture Oxygen uptake without inhibitor 
0.1 mu 0.01 mu 
days uM per cent per cent 
3 5.8 88 29 
6 4.3 100 67 
12 2.1 100 | 100 


* Inhibition by 1.0 mm dihydrostreptomycin 100 per cent throughout. 


TaBLE VI 
Influence of Streptomycin and Dihydrostreptomycin on Diamine Oxidase of 
Streptomycin-Resistant M. smegmatis 
Bacteria, 0.015 ml. of M. smegmatis, strain 101, streptomycin-resistant. Sub- 
strate, 0.01 m putrescine dihydrochloride. Volume, 1.0 ml.; duration, 6} hours. 


Streptomycin Dihydrostreptomycin 
Concentration of inhibitor 
Oxygen uptake Inhibition Oxygen uptake Inhibition 
mM uM per cent uM per cent 
0 6.1 
0.1 5.3 13 5.6 8 
1.0 4.1 33 6.2 0 
10 3.4 44 3.2 48 


Influence of Streptomycin and Dihydrostreptomycin on Streptomycin-Re- 
sistant M. smegmatis—The DO of streptomycin-resistant bacteria was only 
slightly affected by streptomycin or dihydrostreptomycin (Table VI). 

Influence of Penicillin G on Bacterial Diamine Oxidase—In the two 
organisms with greatest DO activity, M. smegmatis and Pseudomonas 
aeruginosa, 0.01 m penicillin G had no demonstrable effect, while the same 
concentration of dihydrostreptomycin sharply inhibited the DO of both 
bacteria. Unlike streptomycin, penicillin G has no chemical group which 
can block DO competitively. 
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Influence of Dihydrostreptomycin on Various Enzyme Systems of M. 
smegmatis—If the effect of dihydrostreptomycin is a non-specific one, such 
as altering the surface of bacteria, enzymes other than DO might also be 
inhibited. Fig. 2 reveals no significant depression of the enzymic splitting 
of glycyl-t-leucine by dihydrostreptomycin. Corresponding negative re- 
sults were obtained with a-hydroxy acid oxidase, a-keto acid oxidase, and 
catalase in the presence of 0.01 m dihydrostreptomycin. 


44 
10 ° 
8 
%& 
4r 
2b 
0 | | L 


Hours 
Fic. 2. Influence of dihydrostreptomycin on peptidase activity of M. smegmatis. 
Bacteria 0.015 ml. of M. smegmatis, strain 101, streptomycin-sensitive. Source of 
ophio-L-amino acid oxidase, 0.4 mg. of venom of Vipera russelli, added to the bac- 
teria before the substrate was tippedin. Substrate, 0.01 m glycyl-.-leucine; dihydro- 
streptomycin, 8 mm; volume, 2 ml. @, without dihydrostreptomycin; O, with 
0.008 m dihydrostreptomycin. 


Comment 


The results presented in this paper confirm the conclusion (6) that a 
typical DO is present in M. smegmatis. ‘The DO of mammalian origin 
readily attacks cadaverine and histamine (15), while for the DO of M. 
smegmatis these two diamines are not suitable substrates (6). These and 
other variations from one enzyme to the next may be explained in part by 
structural differences in the two diamine oxidases and in part by diffusion 
rates and similar phenomena. Experiments with DO of mammalian origin 
are carried out with a freely soluble enzyme, while the bacterial enzyme is 
investigated in situ. 
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In this study no evidence was obtained to indicate a general disorganiza- 
tion of the permeability and chemical apparatus of the bacterial cell which 
could account for the action of streptomycin and dihydrostreptomycin on 
DO. Thus, in spite of using whole bacteria, the conclusion would seem 
to be that of a direct interaction between streptomycin or dihydrostrepto- 
mycin and DO. These two antibiotic substances are members of a group 
of diguanidines which block DO, presumably by competitive inhibition (7). 


SUMMARY 


1. In the presence of Mycobacterium smegmatis, ethylenediamine, 1 ,3- 
trimethylenediamine, 1,3-diaminopropanol, 1,3-diaminobutane, putres- 
cine, cadaverine, and hexamethylenediamine undergo oxidative deamina- 
tion. 

2. The enzyme responsible for this reaction, diamine oxidase (DO), is 
inhibited by 1 ,4-diguanidinobutane (arcaine). 

3. Streptomycin reduces the DO activity of various strains of M. 
smegmatis. 

4. Dihydrostreptomycin exhibits a similar inhibitory power; repeatedly a 
().000001 m solution was effective. 

5. The degree of inhibition depends on the chain length of the diamine 
used as a substrate and on the age of the culture of Af. smegmatis. 

6. Under certain conditions, more than 1000 times higher concentration 
of dihydrostreptomycin is necessary to obtain the same inhibition with the 
DO of streptomycin-resistant strains of M. smegmatis. 

7. DO of AL. smegmatis is not sensitive to 0.01 m penicillin G. 

8. Glycyl-L-leucine-splitting peptidase, catalase, a-hydroxy acid oxidase, 
and a-keto acid oxidase of M. smegmatis are not depressed by 0.01 m 
dihydrostreptomycin. 

9. It is concluded that just as certain guanidines are known to inhibit 
mammalian DO, so streptomycin and dihydrostreptomycin inhibit bac- 
terial DO by direct interaction. 
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GLYCOGEN FRACTIONS OF LIVER AN D MUSCLE 


By WALTER LYON BLOOM, GEORGE T. LEWIS, MARY Z. SCHUMPERT, 
AND TSUNG-MEN SHEN 


(From the Department of Biochemistry, Emory University, Georgia) 
(Received for publication, September 21, 1950) 


It has often been observed that the glycogen of tissues is more com- 
pletely extracted by digestion with hot alkali than by extraction with hot 
or cold water or with acids (1-6). In consequence, adaptations of the 
methods used by Bernard and by Pfliiger are most widely used for the 
quantitative determination of tissue glycogen. Although it is generally 
agreed that the glycogen found in tissues can readily be separated into 
“easily extractable” and “difficultly extractable” fractions by a number 
of different procedures, no series of studies has been presented to indicate, 
in any convincing manner, that these “fractions” of glycogen have any 
physiological significance. In general, the view of most investigators has 
been that the various “fractions” of glycogen obtained by methods other 
than that of alkali digestion are, in large part, artifacts without physio- 
logical meaning. This view is reinforced by the growing opinion, sup- 
ported in part by Lazarow’s isolation of “particulate” glycogen from 
guinea pig liver (7), that the glycogen isolated by any method is different 
in state from the glycogen of the organized tissue. 

In the course of another study on phosphate fractions in | and 
muscle (8), it was found by the authors that a significantly large part of 
the glycogen of both of these tissues was readily extractable by cold tri- 
chloroacetic acid and that in each instance this readily extractable glycogen 
seemed to make up a constant and reproducible proportion of the total 
glycogen. It was decided to study this phenomenon in some detail, with 
reference especially to the question whether these two ‘fractions’ of 
glycogen (which might also be artifacts of the method) could be observed 
to behave differently in different physiological conditions. 

This report presents the results of quantitative determination in normal 
rats of the ‘‘total glycogen” obtainable by hot alkali digestion of liver and 
muscle (“KOH glycogen’) and of the glycogen obtained by extraction of 
these tissues with cold 10 per cent trichloroacetic acid (acid-extractable 
glycogen). It is shown that the proportions of these two fractions are 
consistent and reproducible. It is further shown that in liver there is 
more rapid depletion of the acid-extractable glycogen fraction during 
fasting and a more rapid increase in this fraction after refeeding the ani- 
mals with glucose. Finally it is shown that in muscle the effect of epi- 
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nephrine, injected subcutaneously, is almost entirely upon the readily 
acid-extractable fraction of the glycogen. 


Material and Methods 


Sprague-Dawley albino rats of both sexes, weighing between 250 and 
300 gm., were used in these experiments. ‘The animals were fed ad libitum 
on standard chow. During fasting all food was removed from the cages, 
and the animals were allowed free access to water. In the refeeding 
experiments, the rats were fasted for 24 hours; then 5 ml. of 50 per cent 
glucose were administered by stomach tube. 

Two groups of rats were used for analysis of tissue glycogen, one for 
analysis of muscle, and the other for analysis of liver. The rats were 
anesthetized by subcutaneous injection of 6 mg. of pentobarbital per 
100 gm. of body weight. In those animals from which the liver was 
removed, that organ, as a whole, was removed rapidly and all non-hepatic 
tissue cut away; the liver was then blotted quickly in order to remove as 
much blood as possible from the surface. In rats in which muscle glyco- 
gen was to be studied, the gastrocnemius muscle was freed of the plantaris 
and removed as a whole, care being taken that the muscle did not contract 
during this time. 

Immediately after removal, the tissues were frozen by compression 
between the smooth surfaces of two blocks of dry ice. The resulting thin 
cakes of tissue were treated as follows: The frozen muscle was cut in two 
approximately equal parts, and the whole frozen liver was powdered and 
homogenized before alternate aliquots were taken for the two methods of 
analysis. The muscle and liver samples were then weighed on a micro 
torsion balance and immediately transferred to either 30 per cent KOH or 
to 10 per cent trichloroacetic acid. The tissues remained frozen during 
the whole of this procedure. 

Two methods of glycogen analysis were then performed on these ali- 
quots of liver or muscle. The first was the Good-Kramer-Somogyi (9) 
modification of the classical Pfliiger procedure. In the second method 
the amount of glycogen extractable with trichloroacetic acid was de- 
termined. In our procedure, 500 to 700 mg. of frozen tissue were placed 
in a Ten Broeck tissue grinder and carried immediately to the cold room. 
10 ml. of cold 10 per cent trichloroacetic acid were added to each sample 
and the frozen tissue was ground to a fine suspension. ‘The contents of 
the grinder were transferred quantitatively to a 40 ml. centrifuge tube, 
and the grinder was washed with 5 ml. of cold trichloroacetic acid. After 
centrifugation at 1200 to 1500 r.p.m. for 10 minutes, the clear super- 
natant solution was decanted. These operations were all carried out in a 
cold room kept at approximately 3°. An opalescent supernatant fluid 
was obtained which was then mixed with an equal volume of cold 95 per 
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cent ethanol (10) and left in the cold room overnight. On the following 
morning, the white flocculent precipitate was separated by centrifugation 
and washed once with 95 per cent ethanol. 

The glycogen precipitates obtained by both procedures were hydrolyzed 
for 3 hours in a boiling water bath after the addition of 3 ml. of 1 N H:SO,. 
After completion of hydrolysis, the acid solution was neutralized to phenol 
red with dilute KOH, and the neutralized hydrolysate was diluted to such 
a volume that 1 ml. contained 20 to 100 y of reducing material as glucose. 
The content of reducing substance was determined by the method of 
Nelson (11). In the fasting and refeeding experiment, the carbohydrate 
was determined by the anthrone method (12) without prior hydrolysis. 
All determinations were performed in duplicate. The possible coprecipita- 
tion of glucose and glycogen from the acid supernatant was excluded by 
recovery experiments in which equal amounts of glycogen were precipitated 
in the presence of 0.1, 0.5, and 1.0 per cent glucose. The recovery of 
glycogen was the same in each concentration of glucose and equal to the 
amount of glycogen added. When the protein precipitated by trichloro- 
acetic acid was quantitatively reground with acid and the method was 
repeated as described, less than 0.01 per cent glycogen was recovered from 
the reextracted protein precipitate of liver, and no glycogen was recovered 
from the reextracted protein precipitate of muscle. 

The effects of epinephrine on muscle glycogen were studied by injecting 
subcutaneously 0.02 mg. of epinephrine per 100 gm. of body weight. 4 
hours later the muscles were removed for glycogen determination. The 
final results were expressed as gm. or mg. per cent of reducing substance 
or glucose. Statistical evaluations were made by the Fisher method for 
small series. 


Results 


‘lable I presents a comparison of the amounts of glycogen extracted by 
hot alkali and by trichloroacetic acid from several io of homogeneous 
frozen powder of liver removed from individual rats. It will be seen that 
the samples from the homogenized liver powder were quite uniform for 
each method and that the techniques of mixing and sampling were there- 
fore satisfactory. However, the trichloroacetic acid extraction did not 
yield as much glycogen as the hot alkali method. In the livers of un- 
fasted rats, the concentration of the glycogen determined by trichloroacetic 
acid extraction was quite consistently 85 per cent of that found after 
alkali digestion (Tables I and II). The hot alkali digestion of tissue is 
believed to yield all of the glycogen present therein: Therefore, the 
difference in the amounts of glycogen determined by the two methods 
may be taken as the non-acid-extractable fraction of tissue glycogen. The - 
difference between the amounts of glycogen isolated after KOH digestion | 
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TABLE I a) 

Comparison of Total and Trichloroacetic Acid-Ezxtractable Glycogen in Normal ir 
Rat Liver 

No. of 

by enc Total KOH digestion | CClsCOOH extraction P X 100 

method 1 

gm. per cent gm. per cent g 

7 4.73 + 0.007* 4.05 + 0.054* 0.001 85.6 + 1.8* al 

9 4.54 + 0.049 3.84 + 0.036 0.001 84.6 + 1.2 p 


One rat liver was used in each experiment. All determinations expressed as gm. 
per cent of reducing substance in terms of glucose equivalents. u 
* Standard error of the mean. 


Si 
TaBLeE II r 
Total and Acid-Eztractable Glycogen in Liver of Fasting and Fed Rats v 
3 
£ N id Acid-extract- 
Treatment Total Acid-extractable | NOP at a 
; KOH 
gm. per cent gm. per cent gm. per cent | s 
Unfasted control..| 6 |3.37 + 0.23*|2.87 +4 0.23*10.49 + 0.05*| 84.9 + 1.7* 
Fasted 12 hrs...... 8 (0.36 + 0.1 (0.21 + 0.02 0.14 +0.05| 56.4 + 5.4 h 
4 10.1385 + 0.050/0.007 + 0.001/0.128 + 0.046, 7.9 + 2.7 ( 
Fed glucose 1 hr...| 6 (0.34 + 0.09 (0.14 + 0.04 (0.200 +0.05| 40.2 4+ 1.5 
hrs..| 7 {1.00 + 0.22 (0.64 + 0.17 (0.87 + 0.07! 63.84 0.3 
6 11.84 + 0.32 |1.46 + 0.33 0.37 + 0.07} 79.6 + 2.5 
a 
Glucose equivalents determined by anthrone reagent. e 
* Standard error of the mean. 
TaBLeE III 
Muscle Glycogen of Rats before and after Treatment with Epinephrine t 
Acid-extract 
cid-extract- 
Treatment S Total Acid-extractable xX 100 t 
KOH I 
7, 
es mg. per cent mg. per cent mg. per cent . 
Normal control....) 10571 + 15.9*/318.9 + 13.1*/252.9 + 10.9*| 55.7 + 1.53* 
Givenepinephrine., 8319.7 + 18.5 | 51.2 + 8.7 |268.2 + 18.6 | 16.4 + 2.96 I 
Difference....... 251.3 267.7 
All determinations expressed as mg. per cent of reducing substance in terms of . 
glucose equivalents. Alkali digestion and acid extraction were performed on the ( 
halves of each gastrocnemius muscle of each rat. I 
*Standard error of the mean. I 
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and after trichloroacetic acid extraction of the liver was highly significant 
in all cases. 

The data in Table II show that the acid-extractable glycogen was de- 
pleted more rapidly and completely by fasting than the KOH glycogen or 
the acid-insoluble fraction, and, at the end of a 24 hour fast, it comprised 
only 8 per cent of the KOH glycogen. When the fasted animal was fed 
glucose, the acid-extractable glycogen was rapidly regenerated. 4 hours 
after the fasted animal had been fed, the acid-extractable glycogen com- 
prised 81 per cent of the KOH glycogen, a distribution approaching that 
of the normal, unfasted animal. The acid-insoluble fraction appears to 
undergo relatively minor changes dur$ng fasting and refeeding. 

A comparison of the amounts of glycogen obtained by both methods on 
samples of the gastrocnemius muscle of rats is shown in Table III. The 
results indicate that a constant and reprodicible amount of glycogen also 
was recoverable by trichloroacetic acid extraction of the muscles of nor- 
mal, unfasted rats. This fraction was approximately 55 per cent of the 
amount of glycogen determined by hot alkali extraction. The difference 
in the amounts of glycogen isolated by these two methods was statistically 
significant. ‘Table III also illustrates the effects of the subcutaneous in- 
jection of epinephrine on these two fractions of the muscle glycogen. 4 
hours after the injection, the concentration of the alkali-soluble glycogen 
(total) was decreased by 470) per cent from the normal level, whereas the 
concentration of the acid-soluble fraction was decreased by 84 per cent. 
Subtraction of the amount of acid-soluble glycogen from the amount of 
alkali-soluble glycogen shows that the decrease in glycogen following 
epinephrine injection occurred wholly in the acid-soluble fraction. 


DISCUSSION 


The data of this paper show that a constant and reproducible propor- 
tion of the total glycogen of liver and muscle of normal rats is readily 
extractable with cold trichloroacetic acid. This proportion differs in the 
two tissues (85 per cent in liver, 55 per cent in muscle in unfasted rats). 
During a fast, the readily extractable fraction of the liver glycogen dis- 
appears much more rapidly than the difficultly extractable fraction, and 
it is more rapidly replenished when the fasted animal is fed glucose. In 
muscle, the effects of epinephrine in depleting the glycogen are seen to be 
almost wholly upon the readily extractable fraction. 

The separation of the glycogen of tissue into one or more fractions by 
a variety of methods is to achieve, but the results of such experiments 
on the whole have Sof doubtful significance. However, in the work 
reported here, the fractions of glycogen obtained have been shown to be 
reproducible, their proportions seem to be characteristic of the two tissues 


+ 


636 GLYCOGEN FRACTIONS OF LIVER AND MUSCLE 


examined, and, in response to alterations in the physiological state of the 
animals, the two fractions are seen to behave very differently. Although 
these results are as yet too limited to support the tentative designation of 
these two fractions as “labile” and “fixed” glycogen, they encourage 
further study of the glycogen of other tissues (e.g. heart, diaphragm), of 
the relation between the two fractions (for instance, whether they may be 
interconvertible), and of their behavior in a wider variety of physiological 
conditions. Such studies are under way, and it is hoped that they may 
provide additional insight into the state of glycogen in the tissues and into 
its metabolic behavior. 


SUMMARY 


1. The quantity of glycogen extracted from liver and muscle by means 
of hot alkali has been compared with the quantity of glycogen extracted 
by means of 10 per cent trichloroacetic acid. 

2. A method has been described for the determination of the trichloro- 
acetic acid-extractable fraction of liver and muscle glycogen. 

3. The trichloroacetic acid-extractable glycogen comprised 85 per cent 
of the total glycogen of the liver and 55 per cent of the total glycogen of 
the resting muscle of normal, fed rats. 

4. When the rats were fasted, the acid-extractable glycogen of the liver 
disappeared more rapidly than the total glycogen and was nearly com- 
pletely depleted after 24 hours. After the feeding of glucose, the acid- 
extractable glycogen was quickly restored. The acid-insoluble fraction 
underwent relatively minor changes in fasting and refeeding. 

5. Decrease in muscle glycogen following epinephrine injection has been 
shown to occur almost wholly in the acid-extractable glycogen of muscle. 


We express our sincere appreciation to Dr. A. FE. Wilhelmi for his advice 
given so graciously. 
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OBSERVATIONS CONCERNING THE PRODUCTION AND 
EXCRETION OF CHOLESTEROL IN MAMMALS 


III. THE SOURCE OF EXCESS PLASMA CHOLESTEROL AFTER LIGATION 
OF THE BILE DUCT* 


By SANFORD O. BYERS, MEYER FRIEDMAN, anp FRED MICHAELIS 


(From the Harold Brunn Institute for Cardiovascular Research, Mount Zion Hospital, 
San Francisco, California) 


(Received for publication, July 21, 1950) 


The rise in plasma cholesterol, occurring after ligation of the common | 
bile duct of most mammals, is recognized. Some observers (1-3) believe 
this cholesterol to be formed in the liver; others (4) think that the liver 
may excrete cholesterol formed elsewhere. A study of plasma cholesterol 
after hepatectomy would decide this question, for a rise similar to that 
following bile duct ligation should occur if the liver is merely an excretory; 
organ, while no rise could occur if the liver acts primarily as a source of 
cholesterol. This crucial experiment has not been reported because the 
survival time after hepatectomy is usually less than the time required for 
the accumulation of plasma cholesterol in control animals subjected solely 
to ligation of the bile duct. The liverless dog, for instance, rarely survives 
more than 24 hours, but 1 or 2 weeks are required (5) for a consistent rise 
in plasma cholesterol to become evident after duct ligation. Results of 
work with dogs are therefore inconclusive (6). 

We have found (7) that the rat accumulates plasma cholesterol after 
duct ligation sufficiently rapidly to allow observation of the results of 
procedures which might prove fatal in other species before a significant 
change took place. These results indicate that the source of the cho- 
lesterol increment in the plasma after bile duct ligation is the liver. 


EXPERIMENTAL 


Plasma Total Cholesterol after Bile Duct Ligation—The bile ducts of male 
albino rats were ligated distal to the hepatic branches and above the 
entrance of the pancreatic duct. Plasma samples at 6, 12, 24, and 48 
hours after operation were analyzed by methods previously described (7). 
The results, presented in Table I, show a 46 per cent increase in 6 hours, 
almost as great an increase in the next 6 hours, a lesser rate of increase 
from 12 to 24 hours, and accumulation during the second 24 hour period 


* Aided by grants from the United States Public Health Service and the Ameri- 
can Foundation for High Blood Pressure. 
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at even a more rapid rate than during the first 24 hours. The rise con- 
sisted very largely of free cholesterol. 

Castration—The average total cholesterol concentration of plasma, 24 
hours after duct ligation in rats castrated 15 days previously, was even 
higher than that in the control group, possibly because the animals were 
younger. The data, given in Table II, show the testis to be unnecessary 
for an increase in plasma cholesterol concentration after duct ligation. 


TaBLeE I 
Rise in Plasma Cholesterol after Ligation of Bile Duct 
‘ : Average plasma cholesterol, mg. per 100 cc. 
Total Free Esterified 
hrs gm. 
0 15 294 59 12 46 
6 11 279 86 42 44 
12 7 317 111 57 54 
24 16 294 124 82 43 
48 7 356 275 225 50 
TaBLeE II 
Effect of Bile Duct Ligation on Plasma Cholesterol after Prior Removal of Various 
Organs 
Plasma cholesterol, mg. per 100 cc. 
Proceduse Ang Before ligation 24 hrs. after ligation 
Total Free Total | Free 
gm. 
9 139 69 | 17 | 52 | 143} 119 | 24 
Adrenalectomy.................. 4 393 65 | 15 | 50 | 117 | 76) 41 
Viscerectomy (intestines, spleen, 
vin 8 389 61 | 12 | 49 | 61 
Ligation of thoracic duct........ 7 350 | 60 | 10 | 50} 116; 84] 32 


Adrenalectomy—Four rats were adrenalectomized, and a loose ligature 
was placed about the bile duct. The ends of the ligature were brought 
out on opposite sides of the abdomen and secured by clips. The animals 
were maintained by furnishing 0.85 per cent NaCl as drinking fluid. 4 
days after adrenalectomy the opposite ends of the loose ligature were 
pulled, thus occluding the bile duct without inflicting operational shock 
on the adrenalectomized rats. 

These animals exhibited a rise in plasma cholesterol concentration after 
duct ligation similar to that observed in control animals, and similarly 
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confined to free cholesterol. The data in Table II accordingly show the 
source of the extra cholesterol to. be elsewhere. 

Viscerectomy—The gastrointestinal tract, spleen, and kidneys were re- 
moved from eight rats. The hepatic artery was left as blood supply to the 
liver. The bile duct was ligated, and the average rise in total cholesterol 
concentration after 24 hours was found to be only slightly less than that 
observed in control animals, although the esterified cholesterol rose more 
than usual. These results (see Table II) indicate that the viscera are not 
the source of the excess plasma cholesterol. 


TaB_e III 
Effect of Total and Partial Hepatectomy upon Plasma Cholesterol 


Average plasma cholesterol, mg. per 100 cc. 
: 6 hrs. after 24 hrs. after 
Hepatectomy with No. of Before operation | operation operation 
duct ligation rats weight removed 
gm. per cent 
7 317 | 52 | 38 | 54] 17 | 38 98 
15 288 | 61 13 | 48 56 | 32 | 24 62 
“with contin- 
uous intravenous| 
lecithin injection.*; 10 345 | 51! 9 | 42 64 | 36 | 28 65 


* Lecithin 0.50 per cent, choline 0.25 per cent, inositol 0.13 per cent in water. 
Four rats received egg lecithin; six received soy bean “‘lecithin.”’ 


Ligation of Thoracic Duct—Seven rats were subjected to both bile and 
thoracic duct ligation, the latter duct being ligated just caudal to the 
diaphragm. The data in Table II again show the plasma cholesterol rise 
to be substantially unaffected. 

Complete Hepatectomy—Seven rats were subjected to constriction of both 
the inferior vena cava and portal veins by encircling these vessels with 
polyethylene tubing of 0.045 inch internal diameter. Within 21 days 
sufficient collateral circulation developed to allow a complete hepatectomy 
in one stage. ‘The animals were given subcutaneous glucose and were in 
good condition for 6. hours, becoming moribund shortly thereafter. The 
hepatectomized rats (see Table III) showed no significant increase in 
plasma cholesterol concentration within 6 hours. Their packed cell vol- 
ume was 46 per cent before operation and 41 per cent afterward. 

Partial Hepatectomy—Only the right liver lobe was allowed to remain 
in situ, and the bile duct draining it was ligated. Such animals maintained 
good condition, though supplied only with water ad libitum. Table III 
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shows that free cholesterol rose significantly in 24 hours, while the esteri- 
fied cholesterol declined. This result indicates that no net rise in total 
plasma cholesterol concentration took place. ‘The packed cell volume 
declined from 47 per cent before the operation to 31 per cent afterward. 

Partial Hepatectomy and Lecithin Infusion—In order to test to some 
extent the possibility that the liver might produce not cholesterol itself, 
but substances which, accumulating in plasma, cause a secondary rise in 
cholesterol (8, 9), a continuous intravenous infusion of a solution con- 
taining 0.5 per cent lecithin, 0.25 per cent choline, and 0.125 per cent 
inositol was given to rats previously subjected to subtotal hepatectomy. 
The infusion was given at the rate of 0.5 cc. per hour over 24 
hours. Table III shows that the infusion did not increase the cholesterol 
concentration significantly above the increase in non-infused, partially 
hepatectomized rats. Packed cell volumes were not obtained on these 
animals. Duct ligation was performed as before. 

Partial Hepatectomy and Bile Infuston—The possibility that the liver 
normally excretes into the bile substances which, accumulating in plasma 
after duct ligation, might lead to a secondary increase in cholesterol, was 
investigated in the following manner. Four pairs of rats were selecteb. 
One of each pair was partially hepatectomized, and the bile duct was 
ligated; polyethylene tubing was introduced into the common bile duct of 
the other rat. The distal end of the catheter was inserted into the right 
external iliac vein of the first rat of each pair. The animals were re- 
strained in Bollman (10) cages. In this way unchanged bile from a 
normal donor was allowed to enter the circulation of a partially hepatec- 
tomized recipient, in which the bile duct was ligated, over a period of 24 
hours. Previous work (11) has shown that 10 to 15 cc. of bile are ex- 
creted through a fistula per rat per day. No experiment was considered 
valid unless the plasma of the donor rat was not jaundiced after 24 hours, 
and the bile duct was undilated at autopsy. 

The average total cholesterol content of the recipient rats in the four 
satisfactory experiments was 44 mg. per 100 cc. This value shows no 
significant increment over those reported in Table III for uninfused, 
partially hepatectomized, ligated rats, notwithstanding the fact that the 
infused recipients received an average of 1.8 mg. of cholesterol in the 
donor bile (11). 


DISCUSSION 


Our failure to prevent the rise of cholesterol in the plasma of rats sub- 
jected to bile duct ligation by (a) prior castration, (b) adrenalectomy, 
(c) evisceration, and (d) ligation of the thoracic duct indicates that no 
abdominal organ, with the exception of the liver, is responsible for the 
rise in plasma cholesterol after ligation of the common bile duct. On the 
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other hand, the failure of the hepatectomized and partially hepatectomized 
rat with duct ligation to exhibit a rise in plasma cholesterol indicates 
that the liver is responsible for this rise. ‘The inability of intravenous 
infusions of lecithin, inositol, choline, or unchanged bile to change sig- 
2 nificantly the cholesterol content of plasma of partially hepatectomized 
rats with bile duct ligation suggests that the failure of cholesterol to rise 


\e 


1 after hepatectomy is not due to the absence of these (hypothesized) cho- 
° lesterol-mobilizing substances normally available in the liver. The con- 
t clusion, therefore, seems probable that the liver itself directly produces or 


discharges into the blood stream the excess cholesterol found in the plasma 
4 of rats after ligation of the bile duct. 


1 This ability of the liver to produce the excess cholesterol found in 
y plasma after duct ligation does not mean that the liver is necessarily con- 
e cerned with the formation of the cholesterol found in the plasma of nor- 


mal, intact rats. In other words, it is quite possible that ligation of the 


r bile duct itself ushers in a train of abnormal mechanisms, one of which 
B may be the production and discharge by the liver of an excess amount of 
cholesterol. 

) SUMMARY 

; After ligation of the common bile duct, rats exhibited a rapid and 


marked rise in the cholesterol content of their plasma. This increase 
consisted largely of free cholesterol. The rise could not be prevented by 
. prior castration, adrenalectomy, viscerectomy, or ligation of the thoracic 
. duct. Total hepatectomy and partial hepatectomy prevented this rise. 
Intravenous infusion of choline, inositol, lecithin, or unchanged bile was 
unable to produce excess cholesterol in the partially hepatectomized ani- 
mal. It is concluded that the liver itself discharges into the blood stream 
the excess cholesterol occurring in plasma after bile duct ligation. 


The authors wish to express their thanks to Leonard Rosenman and 
5 Eichi Shibata for their valuable aid.- 
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PREPARATION OF p-ORNITHINE, p-CITRULLINE, AND 
p-ARGININE 


By LEON LEVINTOW anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, August 7, 1950) 


Neither p-ornithine nor p-citrulline has yet been described.' | A prepara- 
tion of p-arginine by the action of arginase on racemic arginine was re- 
ported by Riesser in 1906 (2). For the ready preparation of these iso- 
mers, it was considered simplest to resolve pL-ornithine and to synthesize 
p-citrulline and p-arginine from p-ornithine by available procedures. The 
resolution of racemic ornithine was essentially that followed in the case of 
lysine (3).? 


EXPERIMENTAL 


Di-pL-ornithine sulfate was prepared from L-arginine hydrochloride by 
the method of Kurtz (4) and crystallized twice from water-alcohol mix- 
tures. 240 gm. of the preparation were dissolved in 2 moles of chilled 
4 Nn NaOH and treated with 3 moles of chloroacetyl chloride and 3.5 moles 
of 4 n NaOH. After acidification with concentrated HCl, the mixture 
was extracted eight times with ethyl acetate. The combined extracts 
were dried over sodium sulfate and evaporated to a thick syrup. On 
treatment with a little cold acetone and ether, the syrup crystallized to 
a mass of long needles. After recrystallization from acetone-ether, the 
yield of dried a, 6-dichloroacetyl-pL-ornithine amounted to 38 per cent of 
the theory; m.p. 105° (corrected). Calculated N 9.9, Cl 24.9; found N 
9.9, Cl 24.8. At pH 7.2 and 37°, a 0.05 m solution of the compound was 
hydrolyzed by crude hog kidney extract at a rate of 20 um per hour per 
mg. of N. This is about twice the rate for a, e-dichloroacetyl-pL-lysine 
under the same conditions (3). 

130 gm. of a, 6-dichloroacetyl-pL-ornithine were brought to 0.3 m solu- 
tion in water and LiOH added to pH 7.6. Enough of the purified hog 
kidney acylase (3, 5, 6) was added to hydrolyze the susceptible L isomer 


1 Racemic dibenzoylornithine was resolved by Sgrensen (1) as the brucine and 
cinchonine salts. The free amino acid isomers were not isolated. 

? The lysine dihydrochloride isomers, previously reported (3), ‘were crystallized 
as the monohydrochlorides by the use of aniline; [a]p at 26° for the latter in 5 N hy- 
drochloric acid gave +25.6° and —26.0° for the L and p isomers when calculated as 
the free base. 
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in about 5 hours, and the digestion was continued at 37° until manometric 
ninhydrin measurements revealed complete hydrolysis of one-half the com- 
pound. Acetic acid was added to pH 5.0 and the protein filtered off 
with the aid of norit. The filtrate was evaporated in vacuo to a small 
bulk and treated with an excess of alcohol. 6-Chloroacetyl-L-ornithine 
separated as prisms, and was twice recrystallized from water-alcohol mix- 
tures with the aid of norit. The final yield was 55 per cent of the theoret- 
ical; [a], at 27° for a 4.00 per cent solution? in 5 nN HCl = +420.6°. Cal- 
culated N 13.4, found N 13.3. 20 gm. of 6-chloroacetyl-L-ornithine were 
refluxed for 3 hours with 300 ce. of 2 nN HCl and the solution was treated 
with norit and evaporated tn vacuo to dryness. The residue was dissolved 
in a little methanol and an excess of absolute ethanol was added. The 
L-ornithine dihydrochloride which separated was recrystallized from a 
little methanol; yield 44 per cent of the theory. Calculated N 13.7, Cl 
34.6; found N 13.7, Cl 34.3. [a], at 27° for a 4.00 per cent solution in 
water = +16.5°, which is practically identical with the values noted by 
others‘ for this compound (7, 8). The L-citrulline prepared therefrom by 
the method of Kurtz (4) and Gornall and Hunter (9) yielded [a], for a 
2.00 per cent solution in 1 N HCl = +24.3°. Calculated N 24.0, found 
N 24.0. 

The combined mother liquor and washings from the resolution mixture 
were evaporated in vacuo to a small bulk and acidified with HCl to pH 
1.7, and the a, 6-dichloroacetyl-p-ornithine was extracted into ethyl ace- 
tate. The combined extracts were dried, the solvent was removed, and 
the residue refluxed 3 hours with 400 cc. of 2 N HCl. p-Ornithine dihy- 
drochloride was separated and purified in the same fashion as for the L 
isomer; yield 55 per cent of the theory based upon the amount of dichloro- 
acetylated racemic ornithine; [a], at 27° for a 4.00 per cent solution in 
water = —16.4°. Found N 13.5, Cl 34.2. The p-citrulline prepared 
therefrom yielded [a], for a 2.00 per cent solution in 1 Nn HCl = —24.2°. 
Found N 24.0. 

p-Arginine hydrochloride was prepared as follows (cf. (10)). 10 gm. of 
p-ornithine dihydrochloride were dissolved in 50 cc. of water, an excess 


+ All the measurements of optical rotation were performed in a 2 dm. tube. 

‘If 5-chloroacetyl-L-ornithine is refluxed with the 10-fold amount of 2 N H.SO, 
for 2 hours and the solution condensed in vacuo, there separates on addition of al- 
cohol a nearly theoretical yield of L-ornithine sulfate as the monohydrate; m.p. 175° 
(corrected). Calculated C 24.2, H 6.4, N 11.3, SO.-S 12.9; found C 24.1, H 644, 
N 11.4, SO,-S 12.3; [a], at 27° for a 5.80 per cent solution in water = +12.2°. The 
crystal water could not be removed even after heating at 100° and at low pressure 
for several hours. 

Di-L-ornithine sulfate decomposes at 234° (11). The [a], values reported for 
this compound in water have been +8.4° (11) and +8.7° (8). 
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of black copper oxide was added, and the mixture boiled gently for 30 
minutes. The excess oxide was filtered and the cooled filtrate treated 
with 6 gm. of O-methylisourea hydrochloride and brought to pH 10.2 
by addition of 5 Nn NaOH. A little copper hydroxide was filtered off and 
the filtrate allowed to stand at 5° for 5 days. The solution was then 
brought to pH 6.0 by the addition of acetic acid, the copper removed by 
H.S, and the clear filtrate evaporated in vacuo almost to dryness. ‘Treat- 
ment with excess alcohol produced a crop of p-arginine hydrochloride 
crystals amounting to 42 per cent of the theory, based on the ornithine 
taken. Calculated N 26.6, Cl 16.9; found N 26.5, Cl 16.8; [a], at 27° 
for a 2.00 per cent solution in 5 nN HCl = ~—22.8°. Riesser reported a 
value at 20° of —20.51° (2). The highest value for L-arginine hydro- 
chloride reported by Hunter was +22.19° (8). 

The conversion of L-arginine hydrochloride to the recrystallized, racemic 
ornithine sulfate yields a product at about 30 per cent of the theoretical. 
The over-all yield of p-ornithine dihydrochloride from L-arginine hydro- 
chloride is therefore about 12 per cent. The yield of recrystallized citrul- 
line from ornithine is about 60 per cent. The over-all yields of p-citrulline 
and of p-arginine hydrochloride from the L-arginine hydrochloride origi- 
nally taken are, therefore, about 7 and 6 per cent of the theoretical, respec- 
tively.5 The ease of preparing these isomers more than compensates for 
their relatively low yields. 


The authors are indebted to Mr. Robert Koegel for the elementary 
analyses. 


SUMMARY 


The a,6-dichloroacetyl derivative of puL-ornithine was prepared and 
yielded, after treatment with hog kidney acylase, 6-chloroacetyl-L-orni- 
thine and a,6-dichloroacetyl-p-ornithine. After hydrolysis with HCl, the 
former product yielded L-ornithine dihydrochloride with [a], = +16.5°, 


and the latter yielded p-ornithine dihydrochloride with [«], = —16.4°. 
From p-ornithine, p-citrulline ({a], = —24.2°) and p-arginine hydro- 
chloride ({a], = —22.8°) were prepared by available procedures. 
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PREPARATION OF THE FOUR STEREOISOMERS OF 
ISOLEUCINE* 


By JESSE P. GREENSTEIN, LEON LEVINTOW, CARL G. BAKER, 
aND JULIUS WHITE 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, August 7, 1950) 


L-[soleucine was discovered in 1904 by Ehrlich (1), and its constitution 
established 3 years later (a) by degradation to d-isoamylamine and (b) by 
synthesis through the Strecker reaction with d-isovaleraldehyde (2). The 
synthetic product, however, appeared on fractional crystallization to be 
optically inhomogeneous, and Ehrlich attributed this to the presence in 
nearly equal parts of natural isoleucine and of a diastereoisomer, to which 


he gave the designation of alloisoleucine (2).' A similar epimeric mixture 
could also be obtained by subjecting naturally occurring L-isoleucine to 
the prolonged action of hot concentrated baryta under pressure (2). With 


either of these procedures, followed by digestion of the products by yeast, 
which converts L-isoleucine into d-isoamy] alcohol, etc., the alloisoleucine 
could subsequently be readily isolated. This isomer, which in the present 
nomenclature would be called p-alloisoleucine, possessed an [a], at 20° = 
—36.80° in comparison with the value of [a], at 20° = +36.80° for L- 
isoleucine (both in 20 per cent HCl) (1). These two stereoisomers differed 
in the configuration at the a- but possessed the same configuration at the 
B-carbon atom. Together with their enantiomorphs, the theoretical num- 
ber of stereoisomers of isoleucine is therefore four. 

A total synthesis of isoleucine by Bouveault and Locquin (4) was fol- 
lowed by the resolution of the racemate by Locquin through the fractional 


crystallization of the brucine salts of the corresponding N-formy] deriva- 


tives (5); [a], at 20° for L-isoleucine was +40.61° and for p-isoleucine 
was —40.86° (in 6.1 N HCl). Shortiy thereafter Ehrlich developed a syn- 


thesis of isoleucine based on the reaction between malonic ester and sec- 


butyl iodide (6), and, after digestion of the synthetic product with yeast, 
obtained a p-isoleucine preparation with [a], at 20° = —40.07° (7). 
The possibility that total synthetic routes to isoleucine might lead to a 


* Presented before the Division of Biological Chemistry at the 118th meeting of 
the American Chemical Society at Chicago, September 4 to 8 (1950). 

1 Ehrlich designated the natural product d-isoleucine as well as its diastereoiso- 
mer, d-alloisoleucine, because the identical configuration at the 8-carbon of these 
two compounds was derived from dextrorotatory d-isovaleric acid (3). 
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mixture of all four stereoisomeric forms was expressed by Ehrlich (7), who 
pointed out the difficulty in distinguishing and separating forms so similar 
in solubility and optical rotation. An attempt was made to separate the 
four forms by Abderhalden and Zeisset (8) by a crude method scantily 
described. In a doctoral thesis submitted by Hiatt (9) to the Department 
of Chemistry of the University of Illinois, a brief statement was made that 
isoleucine was formylated and resolved by means of brucine, and each of 
the isomers subsequently epimerized with hot baryta; from the two epi- 
meric mixtures, the four isomers were obtained by resolution with brucine 
of their formyl] derivatives.” The specific rotations in 20 per cent HCl 
were reported by Hiatt to be +39.2° for L-isoleucine, +37.8° for L-al- 
loisoleucine, —39.4° for pD-isoleucine, and —38.1° for p-alloisoleucine. 
These are the only recorded attempts to prepare the four stereoisomers 
of this amino acid. 

The present communication is an extension of our series of studies on 
the resolution of racemic amino acids (10-15) to isoleucine. As starting 
materials, we have employed a variety of commercially available synthetic 
preparations as well as one which was synthesized in this laboratory. 
These preparations apparently fall into three categories; namely, (a) vari- 
able mixtures of pi-isoleucine and pi-alloisoleucine, (b) diastereoisomeric 
mixtures of nearly equal parts of L-isoleucine and p-alloisoleucine, and (c) 
pL-isoleucine. The procedure for obtaining the stereoisomers of isoleucine 
follows. 

With starting mixtures of pL-isoleucine and pi-alloisoleucine, the prep- 
arations are acetylated with an excess of acetic anhydride in glacial acetic 
acid solution. The crystalline product is invariably nearly pure acetyl- 
pL-alloisoleucine. A single crystallization from 50 per cent acetic acid is 
usually sufficient to free the product from the very soluble acetyl-pL- 
isoleucine. The crystalline acetyl-pi-alloisoleucine is resolved by the 
asymmetric enzymatic procedure with a purified hog kidney preparation 
(10-13). The L- and p-alloisoleucines are each epimerized with an excess 
of acetic anhydride in glacial acetic acid, and result respectively in a mix- 
ture of acetylated L-alloisoleucine and p-isoleucine and a mixture of acety- 
lated t-isoleucine and p-alloisoleucine. Each of the epimeric mixtures 
is enzymatically resolved, and the four stereoisomeric isoleucines are ob- 
tained. 

If the starting materials are treated with acetic anhydride in aqueous 
NaOH solution, the acetyl derivatives of both isoleucine and alloisoleucine 
separate on acidification. This is because the solubility of the two forms 
in water is not greatly different. Successive crystallizations of the prod- 


2 We are indebted to the courtesy of Dr. C. S. Marvel of the University of Illinois 
for informing us of the thesis by Dr. Hiatt, 
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uct from 50 per cent acetic acid result in the preparation of pure, crystal- 
line, acetyl-pL-alloisoleucine. However, from the standpoint of economy 
of operation it is preferable to prepare the acetylated alloisoleucine in 
glacial acetic acid. 


TABLE I 
Physical Constants of Compounds 


Compound Melting point* | Specific optical rotationt 
degrees degrees 

116 
169 
005. 150 +15.0,§ +20.8]| 
Acetyl-p-isoleucine............... 150 —15.0,§ —20.6|| 
156 +21.4,§ 4+22.1|| 
Acetyl-p-alloisoleucine........................ 156 —21.5,§ —21.9]| 
L-Isoleucine phenyl isocyanate................ 123 +30 .6§ 
L-Alloisoleucine phenyl isocyanate............ 168 +-27.7§ 
157 + 27.04 
123 +27.94 
l-a-Keto-6-methylvaleric acid 2,4-dinitro- 

176 —16.9tf 
d-a-Keto-8-methylvaleric acid 2,4-dinitro- 

176 +16.8TT 


* All the values corrected. 

+t At 25-27°; measured in 2 dm. tube. 

$0.8 to 1.1 per cent solutions in 5 n HCl. 

§ 4 per cent solutions in alcohol. 

|| 4 per cent solutions in glacial acetic acid. 
§ 3 per cent solutions in alcohol. 

** Derived from p-isoleucine. 

Tf 1.6 to 1.9 per cent solutions in alcohol. 
tt Derived from p-alloisoleucine. 


When the starting materials are mixtures of L-isoleucine and p-alloiso- 
leucine, they may be acetylated with acetic anhydride in either glacial 
acetic acid or in aqueous NaOH, for the product is the same in either 
case. L-Isoleucine and p-alloisoleucine are then prepared in the usual 
manner after asymmetric enzymatic hydrolysis of the acetylated product. 

With a starting material of nearly pure pL-isoleucine, the preparation is 


| 
0 
| 
e 
y 
it | 
of 
1e | 
yn 
1g 
ic 
y. 
ic 
c) 
Cc 
ic | 
- 
e 
yn | 
Ss 
y- 
| 
S 
| 


650 FOUR STEREOISOMERS OF ISOLEUCINE 


divided in halves, and one-half is acetylated with acetic anhydride in 
NaOH and the other half with an excess of anhydride in glacial acetic 
acid solution. The former half yields acetyl-p.-isoleucine; the latter half, 
because of the epimerization produced, yields acetyl-pi-alloisoleucine. 
Each of the acetylated preparations, on enzymatic resolution, yields the 
individual isomers. 


The physical constants of the various compounds are collected in 
Table I. 


EXPERIMENTAL 


Nomenclature of Isoleucitnes—t-Isoleucine is designated as that isomer 
which will support the growth of young rats on a synthetic amino acid 
diet in which isoleucine is lacking (9, 16). The designation of the other 
three isomers is given accordingly. 

Starting Materials—F ive preparations of ‘“‘pL-isoleucine”’ were purchased 
from the Nutritional Biochemicals Corporation and two from Merck dur- 
ing the period between January, 1949, and March, 1950. No lot numbers 
were noted at the time of their use. A preparation was also purchased 
from the Amino Acid Manufactures, University of California (Lot 6), and 
Preparation S was synthesized in this laboratory by the method described 
by Marvel (17). All of these materials were mixtures of DL-isoleucine and 
pL-alloisoleucine and are designated as Category A. Since March, 1950, 
a preparation of the Nutritional Biochemicals Corporation (Lot 8305), 
which is a mixture of L-isoleucine and p-alloisoleucine and designated 
Category B, and a Merck preparation of nearly pure DL-isoleucine (Lot 
40761) designated Category C have been employed. Baker’s c.p. acetic 
anhydride and glacial acetic acid (Merck) were used throughout these 
studies. 

Acetylation of Starting Preparations; Category A-—-Various samples of 
isoleucine from Category A, in amounts varying from 1 gm. to over 500 
gm., were dissolved in 6 to 10 times the amount of boiling glacial acetic 
acid, and, while the solution was still hot, 1.2 to 1.5 moles of acetic anhy- 
dride were carefully added. The solution was allowed to cool slowly at 
room temperature for several hours and was then evaporated in vacuo to 
a thick sludge of crystals. ‘he residue was taken up in a little ice water, 
filtered at the pump, and washed with ice water. Without further drying, 
the mass was recrystallized from water, again filtered, and washed several 
times with cold water. The yield of dried, glistening crystals was 30 to 
40 per cent of the theory. The melting point ranged from 167-169° with 
different preparations. If the melting point was below this range, a single 
crystallization from 50 per cent acetic acid was usually sufficient to raise 
it to this figure. This yield and melting point were obtained on some 
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twelve separate preparations.* The nitrogen content ranged from 8.0 to 
8.1 per cent; calculated, N 8.1. The compound obtained possessed no 
measurable rotation in a 4 per cent solution in absolute alcohol, and was 
practically pure acetyl-pL-alloisoleucine. 

The relatively low yield suggested that we were dealing with a mixture 
of isomeric racemic forms. Attempts to work up the mother liquors of 
the acetylation step to determine the presence of acetyl-pL-isoleucine failed 
because, when these liquors were concentrated, they yielded thick yellow 
or orange-yellow syrups. Evidence for the heterogeneity of the original 
isoleucine preparations came about in the following manner. Samples of 
isoleucine among the various preparations of Category A were dissolved 
in 1 mole of cold 2 N NaOH, chilled, and the solution treated alternately 
and with shaking with 1 mole of acetic anhydride and 1 mole of 
2N NaOH. Care was taken to keep the solution always alkaline to lit- 
mus. At the end of the reaction, which consumed about 20 minutes, 
concentrated HCl was added in excess. The resulting precipitate was 
recrystallized from hot water. The yield was 40 to 60 per cent of the 
theory. The melting point of several products was 144-145°. From the 
first purposely limited yield of crystals from Preparation S, a melting 
point of 150° was noted. Found, N 8.0 to 8.1 per cent. Successive crys- 
tallizations of the compounds from water produced a slow rise in the 
melting point. When, however, they were recrystallized from 50 per cent 
acetic acid, the melting point‘ rose in the course of a single crystallization 
from 10-13°, and on a second crystallization reached a value of 167°. The 
yields decreased proportionately. The mother liquor from one preparation 
after the first crystallization from 50 per cent acetic acid was evaporated 
to dryness, and yielded a product with a melting point of 128°. N values 
for the products with melting points of 167° and 128° were both 8.0. The 
acetylated isoleucine preparations with melting points of 144—-145° showed 
no measurable optical rotation in a 4 per cent solution in alcohol. 

The lower melting point for the acetylated isoleucine preparations syn- 
thesized in NaOH solution is apparently due to the fact that the starting 
materials were mixtures of DL-isoleucine and pt-alloisoleucine. When 
acetylated in glacial acetic acid and erystallized from an acetic acid-con- 
taining solvent, only one racemic form separates; namely, acetyl-pL-alloiso- 


3 All the melting points given in this paper are corrected. All the determina- 
tions of melting points and optical rotations were performed on compounds care- 
fully dried for several hours over phosphorus pentoxide at 78° at 1 mm. of Hg pres- 
sure. All the determinations of optical rotation were performed with a 2 dm. tube. 
A Hilger M375 polarimeter with triple field-type polarizer was employed. 

‘With painstaking care and by successively crystallizing relatively small 
amounts of material, the melting point of acetylated isoleucine Preparation 8S ap- 
proached 170°. 
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leucine. When acetylated in aqueous NaOH solution, the same starting 
material yields on acidification a mixture of acetyl-pL-isoleucine and 
acetyl-pL-alloisoleucine. Since acetyl-pL-alloisoleucine is slightly less sol- 
uble in water than the corresponding isoleucine derivative, it is likely 
that, even when prepared in aqueous NaOH solution, the mixed deriva- 
tives may have a small preponderance of the allo form. This mixture is 
not easily fractionated from water, but from 50 per cent acetic acid the 
more insoluble acetyl-pL-alloisoleucine separates readily on successive crys- 
tallizations. 

That the method of acetylation has in itself no effect on the melting 
point of the product was shown in this manner. A sample of acetyl-pL- 
alloisoleucine prepared by acetylating one of the samples of Category A 
in glacial acetic acid, and with a melting point of 167°, was hydrolyzed 
for 2 hours with the 10-fold amount of 2 n HCl. The solution was 
evaporated to dryness in vacuo, the residue dissolved in a little cold 2 n 
NaOH, and reacetylated with 1 mole of acetic anhydride and 1 mole 
of 2 n NaOH. After acidification, isolation, and recrystallization from 
water, 70 per cent of the original material with a melting point of 167° 
was obtained. 

Resolution of Acetyl-pi-allotsoleucine—15 to 450 gm. samples of acetyl- 
pL-alloisoleucine with a melting point never less than 167° were suspended 
in cold water and brought into solution at pH 7.4 by addition of concen- 
trated ammonia. The concentration of substrate was 0.2 to0.3 mM. Puri- 
fied hog kidney enzyme suspension (10-13) was added in sufficient amount 
to hydrolyze the susceptible isomer in about 5 hours, but the mixture was 
allowed to incubate at 37° for about 15 hours.® As before, the course of 
the hydrolysis to complete cleavage of the susceptible L form was carefully 
followed by manometric ninhydrin measurements. L-Alloisoleucine and 
p-alloisoleucine were isolated as described (11).°:7:8 For some eight prep- 


’ The purified hog kidney enzyme can be lyophilized, and, in the dry state and 
kept at 5°, can be maintained with unimpaired activity for several months. Be- 
cause of the interest of Dr. Erwin Brand, Armour and Company have prepared 
active, dried fractions of this enzyme. 

*The alcoholic mother liquor after crystallization of the L-alloisoleucine may 
be evaporated to dryness at 26° and the residue taken up in the minimum amount 
of water, chilled, and acidified with concentrated HCl to pH 1.7. On scratching, a 
voluminous precipitate of acetyl-p-alloisoleucine appears. After recrystallization 
from water with the aid of a little norit, a product is obtained in 64 per cent yield 
which melts at 155°. [a], at 26° in 4 per cent alcohol = —21.5°. After refluxing 
with the 5-fold amount of 2 n HCl, followed by evaporation in vacuo, neutraliza- 
tion, and two crystallizations from water-alcohol mixtures, p-alloisoleucine is ob- 
tained with [a], at 26° in a 1.00 per cent solution in 5 n HCl = —40.3°. The yield 
is 82 per cent of the theoretical based on the acetyl-p-alloisoleucine. This proce- 
dure saves the extraction step with ethyl acetate (11). 
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arations in 0.800 to 1.200 per cent solutions in 5 N HCl at 25°, [a], for 
t-alloisoleucine ranged from +-40.1° to +40.8°, and for p-alloisoleucine 
from —40.3° to —40.7°. N values 10.5 to 10.7; calculated, N 10.7. The 
yields, as before, were about 60 per cent for the L and about 40 to 50 per 
cent for the p form, calculated on the basis of the acetyl-pL-alloisoleucine. 

Acetylation and Epimerization of L- and 
cine was dissolved in the 10-fold amount of glacial acetic acid and the so- 
lution treated with 2 moles of acetic anhydride and heated on the steam 
bath for 2 hours (18). After evaporation in vacuo with careful exclusion 
of moisture, the residue was redissolved in the 10-fold amount ef glacial 
acetic acid, brought to a boil, and treated while hot with 2 moles of acetic 
anhydride. After standing 2 hours at room temperature, the solution was 
evaporated in vacuo, treated twice with water, and finally evaporated to 
dryness. The yellowish, crystalline residue was dissolved in acetone, fil- 
tered, and the filtrate evaporated to dryness. The residue was finally 
dried in vacuo for several hours over phosphorus pentoxide. It was then 
washed thoroughly with ether and dried again. The ether removed prac- 
tically all of the yellow color, leaving a white crystalline mass. Since the 
treatment with excess acetic anhydride should have caused an epimeriza- 
tion only at the a-carbon atom (18), the product was a mixture of acetyl- 
L-alloisoleucine and acetyl-p-isoleucine. The yield was 90 to 95 per cent 
of the theory. Four separate preparations gave melting point values of 
149-150°, N 8.0 to 8.1, and [a], for 4.000 per cent solutions in absolute 
alcohol at 25° = +2.5° to +2.8°. 

p-Alloisoleucine similarly treated gave the same yields of an epimeric 
mixture of acetyl-L-isoleucine and acetyl-p-alloisoleucine, with a melting 
point for four separate preparations of 149-150°, N 8.0 to 8.1, and [a], = 
—2.6° to —3.0°. 

Resolution of Acetylated Epimeric Mixtures—Each of the mixtures de- 
scribed above was digested as usual at pH 7.4 in 0.2 M solution with purified 
hog kidney enzyme. Indication that the inversion at the a-carbon atom 
of t-alloisoleucine and of p-alloisoleucine had been almost complete was 
afforded by manometric ninhydrin measurements throughout the digestion 


7 The resolution of isoleucine reported earlier (11), employing the chloroacetyl- 
ated derivative of ‘‘pL-isoleucine”’ of Category A, very likely led to the preparation 
of mixtures of L-isoleucine plus L-alloisoleucine and of pv-isoleucine plus pD-alloiso- 
leucine. The melting point of 160° previously reported for acetyl-pL-isoleucine 
(10) should refer to that of acetyl-pi-alloisoleucine. This material, originally crys- 
tallized from acetone, when subsequently crystallized from water, melted at 166°. 

8 On recrystallization, the L isomer can be freed of a small amount of adherent 
protein by adding boiling absolute alcohol to a hot aqueous solution of the amino 
acid and filtering off rapidly the first particles which appear while the mixture is 
still hot. The crystals which deposit subsequently on cooling are free of protein. 
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period. In each case, the hydrolysis proceeded to a maximum of 50 per 
cent and addition of fresh enzyme did not alter this value. The L and 
p forms from each digest were isolated as usual (11). In each case the 
product was carefully crystallized from hot water-alcohol mixtures as glis- 
tening plates. From the acetylated L-alloisoleucine (I), yields of 62 per 
cent of the theoretical amount of L-alloisoleucine (II) and 43 per cent of 
p-isoleucine were obtained. Substantially the same yields of L-isoleucine 
and of p-alloisoleucine (II) were obtained from the acetylated p-alloiso- 
leucine (1). 

lor several separate preparations, [a], at 25° for 0.800 to 1.115 per 
cent solutions in 5 n HCl was, for L-alloisoleucine (II), +40.2° to +40.8°, 
for p-alloisoleucine (II) —40.1° to —40.6°, for L-isoleucine +40.5° to 
+41.0°, and for p-isoleucine —40.3° to —40.8°. Found, N 10.6 to 10.7. 

The specific optical rotations of the four stereoisomers of isoleucine are 
of the same magnitude, and the ‘‘natural” and allo forms of the same 
configuration have the same sign of rotation.® In order to distinguish 
these forms, other criteria must be employed. 

Acetyl Derwatives of Four Isomers of Isoleucine—Each of the four optically 
active isomers of isoleucine was acetylated with 1 mole of acetic anhy- 
dride in chilled 2 N NaOH solution. When the acetylation was complete, 
acidification of the reaction mixture with concentrated HCl resulted in 
crystallization of the respective acetyl derivatives in 60 to 75 per cent 
yield. The products were all recrystallized from water and thoroughly 
dried. The optical rotations were measured on 4.000 per cent solutions 
in absolute alcohol at 25°. 


Acetyl-.-alloisoleucine (1); m.p. 156°, N 8.1, [aJp = +21.3° 
Acetyl-.-alloisoleucine (Il); m.p. 156°, N 8.1, [aJp = +21.4° 
Acetyl-L-isoleucine; m.p. 150°, N 8.0, [a]p = +15.0° 
Acetyl-p-alloisoleucine (I); m.p. 156°, N 8.1, [aJp) = —21.4° 
Acetyl-p-alloisoleucine (II); m.p. 156°, N 8.1, [a]Jp = —21.5° 
Acetyl-p-isoleucine; m.p. 150°, N 8.1, [aJp = —14.9° 


Samples of the acetyl isoleucines refluxed with 2 N HCl yielded the free 
amino acid with no loss in optical rotation. 

Melting point determinations were made on carefully prepared mixtures 
of equal amounts of the following pairs of compounds: acetyl-L-alloisoleu- 
cine and acetyl-L-isoleucine, 141°; acetyl-p-alloisoleucine and acetyl-D-iso- 
leucine, 141°; acetyl-L-alloisoleucine and acetyl-p-alloisoleucine, 168°; and 
acetyl-L-isoleucine and acetyl-p-isoleucine, 116°. The mixed melting 
points of the acetylated alloisoleucine and isoleucine isomers are thus 


* The optical rotation of the alloisomers of threonine is different in both magni- 
tude and direction from the corresponding ‘‘natural’’ forms (15, 19, 20). 
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lower than that of either component. The melting points of the acetylated 
L and D isomers of alloisoleucine are higher than that of either component, 
and those of the acetylated L and D isomers of isoleucine are lower than 
that of either component. There seems to be little doubt that we are 
dealing with four separate isomers. 

Equal amounts of acetyl-L-alloisoleucine and acetyl-p-alloisoleucine were 
mixed and dissolved in hot water. On cooling, the crystalline racemate 
separated. The melting point was 169-170°. Similar treatment of 
acetyl-L-isoleucine and acetyl-p-isoleucine yielded a product with a melt- 
ing point of 116°. The melting points of the crystalline racemates are 
thus practically the same as those of the corresponding mechanical mix- 
tures. The melting point of 169-170° for the crystalline-prepared race- 
mate of acetyl-pL-alloisoleucine is slightly higher than that of the product 
obtained by acetylation in glacial acetic acid of isoleucines of Category 
A.10 

Finally, it was considered of interest to determine the respective rates 
of enzymatic hydrolysis by crude hog kidney extracts of acetyl-L-alloiso- 
leucine and acetyl-L-isoleucine. When studied in the manner described 
(10, 11), the rates are 16 and 25 uM per hour per mg. of N, respectively. 
Just as with the comparable chloroacetyl] derivatives of threonine and 
allothreonine (15), the enzymatic susceptibility of the acetyl derivatives 
of isoleucine and of alloisoleucine is of the same order of magnitude. 

Phenyl Isocyanate and Formyl Derivatives—The phenyl ureides of the 
four stereoisomers were prepared (8) and recrystallized three times from 
alcohol-water mixtures. The respective melting points and specific optical 
rotations for 4.000 per cent solutions in absolute alcohol at 26° were for 
the phenyl] isocyanates of L-alloisoleucine (on slow heating) 168°, +27.7°; 
for p-alloisoleucine (on slow heating) 168°, —28.1°; for L-isoleucine 123°, 
+30.6°; and for p-isoleucine 123°, —30.6°. Found, N 11.2 for all four 
compounds; calculated, N 11.2. These data bear little resemblance to 
those reported by Abderhalden and Zeisset (8). 

L-Alloisoleucine and L-isoleucine were formylated (21); calculated, N 
8.8; found, N 8.7 and 8.8, respectively. [a], for 3.000 per cent solutions 
in absolute alcohol at 27° were +27.9° and +27.0° and the melting points 
123° and 157°, respectively. These figures are in agreement with the 
comparable data for the same compounds by Hiatt (9); namely, +28.0°, 
121—122.5°, and +26.3°, 155-157°, respectively. 

Resolution of (M.p. 144°)--This product, which 
was obtained by the acetylation in NaOH of one of the Merck preparations 

Mixtures of acetyl-puL-isoleucine and acetyl-pL-alloisoleucine in the respective 


proportions melt at the following temperatures, 75:25, 118°; 50:50, 136°; and 25:75 
152°. 
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of Category A and which possessed a melting point of 144°, was treated 
in the usual manner at pH 7.4 with purified hog kidney enzyme. Exactly 
half was hydrolyzed as a maximum, and an L and a D isomer were isolated 
with [a], = +40.2° and —40.3° respectively. The corresponding acetyl 
derivatives were also prepared in NaOH and both melted at 140°; [al], 
at 26° = +17.4° and —17.0°. These data indicate that the L component 
is a mixture of L-isoleucine and L-alloisoleucine, while the D component is 
a mixture of p-isoleucine and p-alloisoleucine. 

Resolution of Starting Preparation; Category B—lIsoleucine of Category 
B was acetylated with 1 mole of acetic anhydride in either glacial acetic 
acid or in NaOH solution, and the properties of the acetylated products 
were identical. The yields in either case were 60 to 79 per cent of theory. 
For several preparations the melting point was always 150°; the [a], values 
at 26° for 3.5 to 4.2 per cent solutions in alcohol were —2.6° to —3.0°. 
This immediately indicated that we were dealing with an epimeric mixture 
of L-isoleucine and p-alloisoleucine. The acetylated mixture was resolved 
as usual at pH 7.4 with the purified hog kidney enzyme, and a maximum 
of 50 per cent hydrolysis reached and retained with further incubation. 
The t and p components were isolated and yielded [a], at 26° in 0.900 
to 1.100 per cent solutions in5 n HCl = +40.6° and — 40.0°, respectively. 
Found, N 10.6 and 10.7. 

The L and pD isomers were acetylated in NaOH and yielded compounds 
which, after crystallization from water and thorough drying, melted at 
150° and 156°, respectively; [a], for 4.000 per cent solutions in absolute 
alcohol at 27° = +14.8° and —21.5° respectively; found, N 8.1 for both. 
The formyl derivatives melted at 157° and 123°; [a], for 4.000 per cent 
solutions in alcohol at 27° = +26.6° and —28.0°; found, N 8.8 for both. 
The respective phenyl] isocyanate derivatives melted at 123° and 168° (on 
slow heating); [a], for approximately 4 per cent solutions in alcohol at 
27° = +30.5° and —28.1°; found, N 11.1 and 11.2. 

Resolution of Starting Preparation; Category C—Isoleucine Category C 
was divided into halves. One-half (52 gm.) was acetylated with 1 mole 
of acetic anhydride in NaOH solution and yielded, after acidification and 
crystallization from water, a product amounting to 50 per cent of the 
theory, with a melting point of 116°, and no optical rotation. The melt- 
ing point value suggested that the starting material was nearly pure DL- 
isoleucine. The acetylated product was resolved as usual, and L and p 
components isolated in 70 and 40 per cent yields, and with [a], values 
for 1.000 per cent solutions in 5 n HCl at 27° = +40.8° and —41.1°, 
respectively; found, N 10.6 and 10.7. The isomers were each acetylated 
with 1 mole of acetic anhydride in NaOH and yielded products at 40 to 
60 per cent of theory, with a melting point of 150° for both, and [a], 
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respectively of +15.0° and —15.1° for 4.000 per cent solutions in alcohol 
at 27°; found, N 8.0 for both. The melting point of a mixture of equal 
amounts of acetylated L and p forms was 116°. These data show that 
the isomers isolated by the resolution of pi-isoleucine of Category C, which 
was acetylated in NaOH, were, respectively, L- and p-isoleucine. 

The second half of the isoleucine preparation of Category C was treated 
with 1.5 to 2.0 moles of acetic anhydride in a boiling solution of glacial 
acetic acid; after 2 hours the solution was evaporated, and the residue 
crystallized twice from water and then twice from 50 per cent acetic acid. 
The yield was 32 per cent of the theory, m.p. 168°, and no optical rotation. 
This melting point suggested that the acetylated product was a derivative 
of alloisoleucine. The product was resolved, and L and D components 
were isolated in 60 and 50 per cent yields, with [a], values for 0.800 to 
0.950 per cent solutions in 5 Nn HCl at 27° = +40.5° and —40.6°, respec- 
tively; found, N 10.7 for both. The isomers were each acetylated with 
1 mole of acetic anhydride in NaOH, and yielded products at 50 to 60 
per cent of the theory, with a melting point of 156° for both, and [a],, 
respectively, of +21.6° and —21.5° for 4.000 per cent solutions in alcohol 
at 27°; found, N 8.0 and 8.1. The melting point of a mixture of equal 
amounts of acetylated L and pv forms was 168°. These data show that 
pL-isoleucine of Category C which had been acetylated with an excess of 
acetic anhydride in glacial acetic acid yielded, respectively, L- and p- 
alloisoleucine. 

Isoleucine of Category C was obviously nearly pure DL-isoleucine. 
From such a preparation the four stereoisomers of isoleucine can be readily 
obtained by employing two different acetylation procedures. That pro- 
cedure in glacial acetic acid epimerizes the original isoleucine, the more 
insoluble acetyl-pL-alloisoleucine separates, and the alloisoleucine isomers 
can thus be prepared. No epimerization occurs on acetylation in alkaline 
aqueous NaOH, and the isoleucine isomers can be readily isolated. 

Epimerization Reaction—Theoretically, the interconversion of diastereo- 
isomers might yield any ratio except unity. However, the interconversion 
of the diastereoisomers of isoleucine, like those of hydroxyproline (22), 
appears to approach this ratio. Since the specific rotation in alcohol of 
acetyl-L-isoleucine is +15° and that of acetyl-p-alloisoleucine is —21°, it 
would be expected that the rotation of an equal amount of the two would 
be —3°. When L-isoleucine or p-alloisoleucine is heated in glacial acetic 
acid solution with an excess of acetic anhydride, an epimeric mixture of 
acetyl-L-isoleucine and acetyl-p-alloisoleucine with [a], = —2.8° to —3.2° 
(in aleonol) is obtained. Under the same conditions, L-alloisoleucine yields 
a mixture of acetyl-L-alloisoleucine and acetyl-p-isoleucine with [a], = 
+2.5° to +2.8°. The optical values measured are too small in magnitude, 
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and the error consequently too great, to determine accurately the equilib- 
rium ratio in each case, but they suggest that this ratio does not depart 
very far from unity. 

In order to ascertain the equilibrium conditions more closely, the follow- 
ing experiment was performed. Solutions of approximately 1.50 gm. each 
of the acetylated derivatives of the isoleucine isomers were prepared in 
20 cc. of glacial acetic acid. Exactly 1.0 or 0.25 mole of acetic anhydride 
was added to each solution, and the volume brought to 25 cc. with glacial 
acetic acid. The specific optical rotations at 25° were measured immedi- 
ately after preparing the solutions. The values of [a], were for acetyl-L- 
isoleucine +20.8°, for acetyl-p-isoleucine — 20.6°, for acetyl-L-alloisoleucine 
+22.1°, and for acetyl-p-alloisoleucine —21.9°. These values were the 


NO ANHYDRIDE 
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SPECIFIC ROTATION (L+, D-) 
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HEATING (98°) PERIOD IN MINUTES | 
Fic. 1. Effect of acetic anhydride on the optical rotation of the acetylisoleucine 
isomers. @, acetyl-L-isoleucine; O, acetyl-p-isoleucine; gg, acetyl-L-alloisoleu- 
cine; O-acetyl-p-alloisoleucine. 


same in the absence of any added acetic anhydride. ‘The solutions were 
plunged into boiling water at 98° for various periods of time and then 
quickly placed in a freezing bath until their temperature dropped to 25°. 
Care was taken during the heating period to prevent loss of solvent by 
evaporation by the use of tightly fitting stoppers and by providing 
sufficient volume for expansion. ‘The results indicate little, if any, error 
from this source. After each period of heating and cooling, the optical 
rotation of the solutions was measured. At any point, allowing the solu- 
tions to stand for at least 1 hour at 25° did not result in any change in 
rotation. The results are given in Fig. 1. The heated solutions remained 
clear and uncolored. 

The rates of epimerization of the isoleucine and alloisoleucine diastereo- 
isomers appear to be nearly the same and, when | mole of acetic anhy- 
dride is used, very close to the same equilibrium point is reached. When 
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0.25 mole of the anhydride is used, the rate is correspondingly decreased. 
For equal amounts of each diastereoisomer, [a], should be either +0.6° 
or —0.6°. The equilibrium rotation value appears to be close to 0°, no 
matter which of the four isomers is used (1 mole of anhydride (Fig. 1)). 
On the basis of this value, it would appear that the ratio of isoleucine to 
alloisoleucine at equilibrium is about 51:49. We are not inclined to em- 
phasize these figures in any way, in view of the error of measurement at 
very low values of the angular rotation, and since the possibiljty of small 
side reactions cannot be excluded. A 6.0 per cent solution of acetyl-L- 
alloisoleucine, whose rotation was 0° after 1 hour of heating at 98° in the 
presence of 1 mole of anhydride, was evaporated to dryness. ‘The residue 
was washed with ether, carefully dried, and dissolved in absolute alcohol. 
The [a], for a 4.08 per cent solution was +3.2°. The same material, 
when redissolved in glacial acetic acid, gave [a], = +0.6°. As nearly as 
can be judged, the isolated material was a nearly equal mixture of dias- 
tereoisomers."! 

Analogous epimerization reactions with hydroxyproline are of interest 
in this connection. Leuchs and Bormann (22) heated natural hydroxy- 
proline ({[a], = —75.7°) with concentrated baryta at 200° to a product 
whose final rotation for several samples varied from —9.8° to —8.6°. 
Since allohydroxy-p-proline possesses an [a], = +58.6°, the rotation of 
an equal mixture of the epimers should be about —8.6°. An actual mix- 
ture! of equal parts of hydroxy-t-proline and allohydroxy-p-proline gave 
an [a], = —8.4°. 

Action of p-Amino Acid Oxidase on pv Isomers—The practically equal 
values for the specific optical rotation of the four stereoisomers of isoleu- 
cine indicate the nearly negligible effect in the free amino acid of the 
asymmetry of the B-carbon atom. This effect is more readily demon- 
strated in the differing rotation values of the corresponding acetyl deriva- 
tives of isoleucine and alloisoleucine. In order to present unequivocal 
chemical evidence for the separation of the isoleucine isomers, it is desir- 
able to see whether the configuration at the 8-carbon in isoleucine and in 


'! With higher temperatures, even smaller amounts of acetic anhydride are effec- 
tive. An 8.0 per cent solution of acetyl-L-isoleucine in glacial acetic acid contain- 
ing exactly 0.1 mole of acetic anhydride was refluxed for 2 hours and then cooled to 
25°; the [a], was —0.4°. Under the same conditions, and in the absence of acetic 
anhydride, the [a]» was +17.5°. 

‘2 Attempts in this laboratory to epimerize hydroxy-.-proline in glacial acetic 
acid with 2 to 5 moles of acetic anhydride yielded only the optically unchanged 
N-acetylhydroxy-u-proline with = —118° (23), from which hydroxy-.-proline 
could be recovered after hydrolysis by dilute hydrochloric acid. This resistance 
to optical alteration stands in marked contrast to the case of t-proline which read- 
ily forms acetyl-p.L-proline under the same conditions (24). 
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alloisoleucine is equal in magnitude and opposite in sign. This can be 
approached by removing the asymmetry at the a-carbon atom, and has 
been accomplished by subjecting p-isoleucine and p-alloisoleucine to the 
action of a D-amino acid oxidase preparation. 

Both p isomers are oxidized but at significantly different rates. By 
employing an aqueous extract of an acetone-dried hog kidney powder in 
the presence of 0.1 mM pyrophosphate buffer at pH 8.4, as described by 
Bender and Krebs (25), the rates of oxidation™ in terms of micromoles 
of oxygen absorbed per hour per mg. of protein N were for pD-isoleucine 9, 
and for p-alloisoleucine 3. Under the same conditions, the rate for pb- 
alanine was 4. 

The isolation of the corresponding 2,4-dinitrophenylhydrazones of the 
keto acids was accomplished thus. 1 kilo of fresh frozen hog kidney was 
thawed and ground in a Waring blendor with 8 liters of chilled acetone. 
The mixture was stirred for 2 hours at 5° and filtered at the pump. The 
precipitate was resuspended in 4 liters of chilled acetone, stirred for 1 
hour, and again filtered. The precipitate was washed once with chilled 
ether and dried several hours in vacuo over phosphorus pentoxide. 100 
gm. of the dry powder were suspended in 2 liters of water, stirred at 25° 
for 30 minutes, and centrifuged at 3000 * g at 0°. The supernatant 
fluid was employed as the enzyme source (26). Although the optimum 
pH for the oxidation of the isoleucine isomers is about 8.8, it is essential 
that the pH does not exceed 8.4, since racemization of the respective keto 
acids occurs above this pH value (personal communication from Dr. A. 
Meister). 

3 gm. of p-isoleucine ({a], = —40.3°) and 3 gm. of p-alloisoleucine 
((a], = —40.2°) were each dissolved in 150 cc. of warm water and treated 
respectively with 1 liter and 2 liters of the enzyme extract which had been 
brought to pH 8.1 to 8.4. A few drops of caprylic alcohol were added, 
and the mixtures were placed in a bath at 37° and vigorously stirred by 
a stream of oxygen. The progress of the reaction was closely followed 
by ammonia determinations, and after about 5 hours the reaction was 
complete in each case. 10 per cent trichloroacetic acid was added to a 
final concentration of 2.5 per cent, the protein filtered with the aid of 
norit, and the clear filtrate treated with the equivalent amount of a 0.7 
per cent solution of 2,4-dinitrophenylhydrazine in 2 N HCl. The result- 
ing precipitate (3 to 5 gm.) was recrystallized from large volumes of hot 


13 »-Threonine and v-allothreonine revealed an even more striking difference in 
susceptibility to p-amino acid oxidase. The former was not appreciably attacked, 
whereas the latter was oxidized at a rate of 2 um per hour per mg. of N. Under 
conditions whereby L-methionine was rapidly oxidized by dried cobra venom prep- 
arations (Hynson, Wescott and Dunning, Inc.), neither L-isoleucine nor L-alloiso- 
leucine was appreciably attacked (25). 
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water in the form of long macroscopic yellow needles. The melting point 
of both 2 ,4-dinitrophenylhydrazones was 176°. Found for both, N 17.9; 
calculated, N 18.1. [a], at 26° for 1.600 to 1.900 per cent solutions in 
absolute alcohol were —16.9° and +16.8° for the keto acids derived, 
respectively, from D-isoleucine and D-alloisoleucine. The hydrazones are 
true enantiomorphs and demonstrate the asymmetry at the 6-carbon atom 
of the diastereoisomeric isoleucines." 

Since the oxidase preparation does not affect the L-amino acids, the 
foregoing procedure was employed as an additional means of characteriz- 
ing various lots of available ‘“‘pL-isoleucine.”’ The preparations were 
oxidized in the presence of the enzyme and the optical rotations of the 
isolated and recrystallized 2 ,4-dinitrophenylhydrazones were measured in 
alcohol. Several lots of isoleucine of Category A yielded products with 
[a], between —8.0° and —10.7°. These values and their direction indi- 
cated the presence of both p-isoleucine and p-alloisoleucine, with the 
former predominating. Isoleucine of Category B yielded a 2,4-dinitro- 
phenylhydrazone with [a], = +16.9°, evidently derived from pure p- 
_alloisoleucine, whereas isoleucine of Category C yielded a product with 
[a], = —16.8°, evidently derived from pure p-isoleucine. These values 
are all in accord with the evidence obtained on the corresponding acetyl 
derivatives (prepared in NaOH) of the respective isoleucine preparations. 

Effect of Isoleucine Isomers on Growth—The separation of the stereo- 
isomers of isoleucine provides no clue as to which is the natural L-isoleucine 
and which its diastereoisomer, L-alloisoleucine. The isomers were there- 
fore tested for their growth-promoting properties on weanling litter mates 
of Sprague-Dawley and Osborne-Mendel rats. Each animal was housed 
in a separate cage and was permitted to consume food and water ad liln- 
tum. The synthetic amino acid mixture employed was essentially the 
same as that of Hiatt (9). The composition of the diets was as follows: 
245 gm. of amino acid mixture, 218 gm. of dextrose, 40 gm. of salt mixture 
(9), 20 gm. of cod liver oil, 1 gm. of choline chloride, 260 gm. of Crisco, 
7 gm. of pi-threonine, 19 gm. of vitamin mixture,'® and either 190 gm. of 
sucrose or 180 gm. of sucrose plus 10 gm. of isoleucine isomer. 


14 Tn accord with the older terminology, the keto acid derived from p-alloisoleu- 
cine may be designated d-a-keto-8-methylvaleric acid, and that from p-isoleucine 
l-«-keto-8-methylvaleric acid. Meister and Tice in this laboratory have isolated 
the free a-keto acids of the diastereoisomeric isoleucines, after treatment with p- 
amino acid oxidase, by extraction with ether from the acidified and concentrated 
digestion mixture and have converted them to the crystalline sodium salts (27). 

16To each kilogram of diet the following vitamins in mg. were added: 
10 of thiamine hydrochloride, 15 of riboflavin, 10 of pyridoxine hydrochloride, 50 of 
calcium pantothenate, 5 of nicotinic acid, 2 of 2-methyl-1,4-naphthoquinone, 25 of 
a-tocopherol, 300 of p-aminobenzoic acid, and 0.01 of biotin. 
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It was noted that only that L isomer of isoleucine whose acetyl deriva- 
tive melted at 150° and possessed an [a], = +15.0° supported the growth 
of the young rats. This isomer was therefore designated as L-isoleucine, 
and its diastereoisomer, which failed to support growth, was designated 
L-alloisoleucine. Because of the similar configuration at the 6-carbon 
atom of L-isoleucine and p-alloisoleucine, the latter was fed to rats but 
failed to support growth. p-Isoleucine likewise failed to support growth. 
These results confirm those obtained by Hiatt (9), who was the first to 
demonstrate that only t-isoleucine is capable of supporting the growth of 
the rat. The data are given in Table II. 

The food intake of the animals on the diet containing L-isoleucine was 
greater than that of animals fed the same basal diet supplemented with 
L-alloisoleucine, pD-isoleucine, or p-alloisoleucine. When, however, the food 
intake of the animals on the former diet was restricted to that of animals 
on the latter diets, they still gained more than 1 gm. per day. 


TABLE II 
Growth Effects of Stereotsomers of Isoleucine 
Nature of diet No. of Days on deity tena ae. 
animals et intake change 
gm. gm. 


25 2.12 —1.62 

+ p-isoleucine................... 22 3.50 +1.62 

+ 16 10 2.20 —1.54 
+ p-alloisoleucine............... 18 2.34 —1.48 

+ p-isoleucine................... 6 3.14 —1.23 


~ 


SUMMARY 


The four stereoisomers of isoleucine have been prepared from two kinds 
of available synthetic isoleucine starting materials. With mixtures of pL- 
isoleucine and pu-alloisoleucine, the material was acetylated in glacial 
acetic acid solution with acetic anhydride, and acetyl-pL-alloisoleucine was 
isolated. The latter was resolved with a hog kidney preparation to L- and 
p-alloisoleucine and each isomer epimerized in glacial acetic acid and ex- 
cess acetic anhydride. Each acetylated epimeric mixture was again en- 
zymatically resolved to yield the four stereoisomers. With pure pL-isoleu- 
cine, the preparation was divided in halves. One-half was acetylated with 
acetic anhydride in alkaline NaOH solution, yielding acetyl-pL-isoleucine, 
which on enzymatic resolution gave L- and p-isoleucine. The other half 
was acetylated with excess acetic anhydride in glacial acetic acid solution, 


16 This work has not yet been published in full (Rose (28)); personal communica- 
tion from Dr. W. C. Rose. 
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yielding acetyl-pL-alloisoleucine, which on enzymatic resolution gave L- 
and D-alloisoleucine. 

The stereoisomers were characterized by the formation of their acetyl, 
formyl, and phenyl isocyanate derivatives. 

Under identical experimental conditions, the epimerization by acetic 
anhydride of the isomers of isoleucine in glacial acetic acid proceeds at 
nearly the same rate and reaches an equilibrium ratio close to unity. 

Both p-isoleucine and pD-alloisoleucine were oxidized by D-amino acid 
oxidase and yielded 2 ,4-dinitrophenylhydrazones of the corresponding a- 
keto acids which possessed equal and opposite values of specific optical 
rotation. 

Growth studies on weanling rats were employed to determine which of 
the L isomers was L-isoleucine. The designation of the other isomers 
followed accordingly, since t-alloisoleucine, p-alloisoleucine, and p-isoleu- 
cine did not support growth. 
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PURIFICATION AND PROPERTIES OF 5-NUCLEOTIDASE 


By LEON A. HEPPEL anp R. J. HILMOE* 
(From the N. ational Institutes of Health, Bethesda, Maryland) 


(Received for publication, September 30, 1950) 


It was found by Gulland and Jackson (1) that venom obtained from sev- 
eral species of snakes had a high phosphatase activity of unusual specifi- 
city. Adenosine-5’-phosphate (A-5-P) and inosine-5’-phosphate (I-5-P) 
were rapidly hydrolyzed, while some fourteen other phosphate esters, in- 
cluding yeast adenylic acid, were not split at a detectable rate. The phos- 
phatase activity of mammalian tissues has been extensively investigated 
by Reis (2-5). Working with crude suspensions, he observed a high rela- 
tive activity toward A-5-P and I-5-P for certain organs such as bull testicle 
and calf brain. It was also found by Mann (6) that bull seminal plasma, 
tested at pH 7.0, hydrolyzed A-5-P much faster than yeast adenylic acid. 
Reis has proposed the term ‘‘5-nucleotidase” to designate a widely dis- 
tributed mammalian phosphatase which is specific for nucleotides contain- 
ing phosphate (P) esterified at carbon 5 of ribose. 

The evidence for a mammalian 5-nucleotidase is deficient in several re- 
spects. First, none of the unpurified tissue preparations was entirely free 
of activity against yeast adenylic acid and other phosphate esters. In 
some cases such activities were substantial (15 per cent or more of the 
rate of A-5-P splitting). In the second place, the very closely related 
A-5-P and I-5-P were the only ‘‘5-nucleotides” investigated. 

The present investigation! is concerned with an alkaline phosphatase in 
bull seminal plasma which hydrolyzes A-5-P. It was found that crude 
plasma rapidly dephosphorylated A-5-P, I-5-P, nicotinamide ribose-5’- 
phosphate (nicotinamide mononucleotide, N-5-P (8)), uridine-5’-phosphate 
(U-5-P), and cytidine-5’-phosphate (C-5-P), while yeast adenylic acid was 
split at 2 per cent of the rate for A-5-P. Purification of the enzyme acting 
on A-5-P resulted in a preparation which did not measurably split yeast 
adenylic acid. The relative activity toward I-5-P,; N-5-P, U-5-P, C-5-P, 
and ribose-5-phosphate (R-5-P) was nearly unchanged. On the basis of 
tests with twenty-two compounds it appeared that the purified enzyme 
was highly specific for esters containing the ‘‘ribose-5-phosphate” moiety. 


* Part of the material in this paper was taken from a thesis submitted by R. J. 
Hilmoe to the Chemistry Department of the Graduate School of Georgetown Uni- 
versity in partial fulfilment of the requirement for the degree of Master of Science, 
August, 1950. | 

1A preliminary report of this work has been published (7). 
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Some of the properties of the enzyme and the reaction kinetics have been 
investigated. 

This study represents part of a program the purpose of which is to 
purify phosphatases useful in the study of nucleic acids, smaller polynuc- 
leotides, and mononucleotides. 


Methods 


Materials—A-5-P, I-5-P, adenosinediphosphate, and adenosinetriphos- 
phate were obtained from the Sigma Chemical Company. Other sources 
were as follows: yeast uridylic and cytidylic acids, Nutritional Biochem- 
icals Corporation; sodium 6-glycerophosphate, Eastman Kodak Company; 
sodium pyrophosphate, Merck and Company; other substrates, Schwarz 
Laboratories. Protamine sulfate was kindly supplied by Eli Lilly and 
Company. +N-5-P? was prepared by enzymatic hydrolysis of diphospho- 
pyridine nucleotide (8) and R-5-P was made by acid hydrolysis of A-5-P 
followed by alcohol precipitation of the barium salt (9). Yeast adenylic 
acid was hydrolyzed with acid to give ribose-3-phosphate (R-3-P) (9). 
The latter was probably a mixture of isomers. Adenosine-3’-phosphate 
and adenylic acid a were prepared from Schwarz yeast adenylic acid by 
ion exchange chromatography (10). Riboflavin phosphate,? glucose-6- 
phosphate, and 6-phosphogluconic acid‘ were synthetic materials. 

Synthetic uridine-5’-phosphate and cytidine-5’-phosphate were kindly 
furnished by Professor A. R. Todd, University Chemical Laboratory, 
Cambridge, England. Through the courtesy of Dr. J. T. Park, Camp De- 
trick, Maryland, a uridine mononucleotide obtained from penicillin-treated 
staphylococci was made available. It corresponded in chemical behavior 
to uridine-5’-phosphate. 

Raw bull semen was obtained through the kindness of a number of in- 
dividuals in charge of artificial insemination ceuaiaae Lyophilized snake 


? Kindly furnished by Dr. A. Kornberg. | 

3 Kindly furnished by Dr. C. W. Sondern of the White Laboratories, Inc., New- 
ark, New Jersey. | 

4 Kindly furnished by Dr. B. L. Horecker. 

5 We are especially indebted to the following persons for repeated shipments of 
bull semen: Mr. David Yoder, Manager, Southeastern Pennsylvania Artificial 
Breeding Cooperative, Landisville, Pennsylvania; Dr. E. J. Weatherby, Maryland 
Artificial Breeding Cooperative, Inc., College Park, Maryland; Dr. C. C. Under- 
wood, Agricultural Research Center, Beltsville, Maryland; Dr. D. C. Reid, Man- 
ager, New Jersey Cooperative Artificial Breeding Association No. 1, Inc., Clinton, 
New Jersey; Mr. Wm. F. Schaefer, Jr., Manager, Northeastern Pennsylvania Arti- 
ficial Breeding Cooperative, Tunkhannock, Pennsylvania; Mr. John Schwenk, 
Manager, Lehigh Valley Cooperative Farmers, Allentown, Pennsylvania; Mr. R. 
M. Welker, Manager, New York Artificial Breeders’ Cooperative, Inc., Ithaca, New 
York. 


; 


L. A. HEPPEL AND R. J. HILMOE 667 


venom was purchased from Ross Allen’s Reptile Institute, Silver Springs, 
Florida, and potatoes were bought in local markets. 

Enzyme Assay—Unless otherwise stated, 1.24 ml. of reaction mixture 
contained 0.1 ml. of glycine buffer (1 M, pH 8.5), 0.1 ml. of MgCl, (0.1 m), 
3 uM (micromoles) of A-5-P, and enzyme. Incubation was for 15 minutes 
at 37.3° and the reaction was stopped by the addition of trichloroacetic 
acid in a final concentration of 5 per cent. If necessary, the mixture 
was centrifuged. After 5 minutes an aliquot was removed for analysis of 
inorganic P. <A unit of activity corresponded to the liberation of 1 um of 
ortho-P per hour and specific activity was defined as units per mg. of pro- 
tein. 

In all incubation experiments, tubes were included without enzyme in 
order to obtain a substrate blank. The enzyme preparations were usually 
of sufficiently high specific activity so that they did not contribute to the 
blank value in phosphate estimations. 

Analytical Methods—All substrates were assayed for inorganic P by the 
method of Fiske and Subbarow (11) or Lowry and Lopez (12), and for total 
P after ashing with an H.SO,-HNO; mixture. Where indicated, acid- 
labile P was determined as that amount liberated after 15 minutes hydrol- 
ysis in 1 N H.SO, at 100°. Other analyses included pentose according to 
Mejbaum (13), fluorometric determination of the nicotinamide-ribose moi- 
ety (14), and measurement of ultraviolet absorption. 

Ortho-P liberated by enzymatic hydrolysis was determined by the 
method of Lowry and Lopez, except in the presence of inosinic acid. Here, 
unstable color development was observed and it was necessary to use the 
procedure of Fiske and Subbarow. A recently described micro protein 
method (15) was employed routinely and a few values were checked by 
micro- Kjeldahl nitrogen analyses. | 
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Results 
5-N ucleotidase of Bull Semen 


Purification Procedure—The alkaline phosphatase of bull seminal plasma 
which acts on A-5-P was purified 50-fold, as shown in Table I. Pooled 
plasma stored at —8° for 6 months proved to be as satisfactory as freshly 
obtained material. The operations are outlined below, and they were car- 
ried out at 2° except as noted. 

Treatment with Protamine Sulfate—110 ml. of bull seminal plasma (Table 
1) were mixed with a solution of 550 mg. of protamine sulfate in 330 ml. of 
distilled water. A precipitate was removed by centrifugation and dis- 
carded. 

Ammonium Sulfate Fractionations—The supernatant was brought to pH 
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6.7 and the volume adjusted to 490 ml. 95 gm. of ammonium sulfate were 
added and the pH was adjusted to 4.2 by means of 66 ml. of 1 N acetic 
acid. 139 ml. of 0.2 m acetate buffer, pH 4.2, and 84.5 gm. of ammonium 
sulfate were then added. After 15 minutes the suspension was centri- 
fuged 7 minutes at 13,000 r.p.m. in a Servall type SS-1 angle centrifuge. 
The precipitate was discarded. To 745 ml. of supernatant were added 
225 gm. of ammonium sulfate and the precipitate was collected by centri- 
fugation, dissolved in 45 ml. of distilled water, and dialyzed against run- 
ning 0.01 m acetate buffer, pH 6.0, for 4 hours. 

The dialyzed material measured 74 ml. and was turbid. It was clarified 
by centrifugation and mixed with 8.2 ml. of 1 M acetate buffer, pH 6.0, 
and 26.4 gm. of ammonium sulfate. The precipitate was removed by 
centrifugation and discarded. To 91.5 ml. of supernatant were added 5.6 


TABLE I 
Purification of 5-Nucleotidase from Bull Seminal Plasma 


Step Volume | Total units | Overall |  Specitc 
ml. per cent 

Protamine supernatant ................ 419 290 ,000 93 111 
Ist armmonium sulfate fraction......... 82 133 ,000 43 274 
2nd 35.5 74,000 24 476 
Ist alcohol fraction.................... 37 61,270 19.8 986 
18.3 18,710 6 1350 


gm. of ammonium sulfate. The precipitate was collected by centrifuga- 
tion, dissolved, and dialyzed as before. 

Ethanol Fractionations—The dialyzed ammonium sulfate fraction (35 
ml.) was brought to pH 4.6 with 4.5 ml. of 0.1 N acetic acid, and enough 1 
M acetate buffer, pH 4.6, was added to bring the concentration of acetate 
to 0.1 Mm. The solution (41 ml.) was cooled to —0.5° and successive addi- 
tions of absolute ethanol were made in the following amounts (ml.): 3.5, 
0.7, 0.5, 0.5, 0.3, 0.5, 1.0, 2.0. The mixture was rapidly stirred during the 
ethanol additions and was maintained near its freezing point. After each 
addition there was a 5 minute wait before a brief centrifugation. The 
precipitates were dissolved in 0.02 M acetate buffer, pH 6.5. The best 
fractions were combined and the ethanol step was repeated. It was not 
necessary to free these fractions of traces of ethanol by dialysis. 

Heating Step and Adsorption with Aluminum Hydroxide Gel—The al- 
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cohol fraction was adjusted to pH 6.8, warmed to 60° over a period of 90 
seconds, and maintained at this temperature for 20 minutes. This treat- 
ment was effective in removing contaminating phosphatase activities. It 
did not measurably injure the enzyme nor was there any purification. Af- 
ter rapid cooling, small aliquots were mixed with different quantities of 
aluminum hydroxide gel Cy (16) (11 mg. of dry weight per ml., aged 3 
months) and centrifuged. The supernatant solutions were assayed for ac- 
tivity and protein content. The main lot was thereupon treated with an 
amount of gel found to give the best purification and a high yield. 

The entire procedure resulted in a 50-fold purification with a 4 per cent 
over-all yield (Table I). In most experiments the heated alcohol fraction 
was used and it is referred to as the ‘“‘purified enzyme.” Adsorption with 
aluminum hydroxide gel caused an increase in specific activity, but there 
was no further removal of traces of contaminating phosphatases. 

Stability—Crude seminal plasma could be stored for 6 months at 2° 
without loss of activity. To prevent bacterial growth it was convenient 
to keep the material frozen. Ammonium sulfate fractions were fully ac-. 
tive after storage for 4 months at —10°. The purified enzyme was stable 
for 8 weeks in the frozen state and a lyophilized sample maintained its ac- 
tivity for several months at 2°. 

Simplified Preparation of Bull Semen 5-Nucleotidase—A preparation of 
low purity with respect to protein but of high substrate specificity was eas- 
ily made as follows: 20 ml. of seminal plasma were mixed with 100 mg. of 
protamine sulfate and 60 ml. of cold distilled water. The mixture was 
centrifuged and the precipitate discarded. The supernatant was adjusted 
to pH 6.8 and maintained at 60° for 20 minutes. This preparation assayed 
800 units per ml. when tested with A-5-P and only 0.2 unit per ml. with 
yeast adenylic or uridylic acid. 

Effect of Enzyme Concentration and pH—A solution of purified bull semen 
enzyme showed the following activities in units per ml. when different 
amounts were incubated with A-5-P: 0.02 ml., 232; 0.03 ml., 250; 0.04 ml., 
258; 0.06 ml., 269; 0.08 ml., 252. This indicates reasonable proportion- 
ality between enzyme concentration and rate. The purified enzyme had 
a pH optimum at 8.5 (Fig. 1). 

Activity against Various Phosphate Esters—Purification of bull seminal 
plasma with respect to the splitting of A-5-P resulted in no change in the 
relative activities toward I-5-P, N-5-P, U-5-P, and C-5-P (Table II). 
There was a small decrease in the ratio, R-5-P rate to A-5-P rate. With 
all of the other compounds there was a great decrease in relative rate of 
hydrolysis during purification. The final preparation did not split ade- 
nosine-3’-phosphate or adenylic acid a at a measurable rate. 

Affinity of Different Substrates for Bull Semen 5-Nucleotidase—A-5-P, 
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I-5-P, U-5-P, and C-5-P were relatively tightly bound to the enzyme (Fig. 
2 and Table III). Analytical limitations made it impossible to determine 
the exact dissociation constants of the enzyme-substrate complexes (17) 
for the first three compounds but the values were below 1074. Much 
larger concentrations of N-5-P and R-5-P were required to saturate the 
enzyme; the dissociation constants were 1.6 X 10-3 and 2.6 X 10°? re- 
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Fig. 1. Effect of pH on rate of hydrolysis of A-5-P by purified bull semen 5-nu- 
cleotidase. All incubation mixtures contained 8 X 107? m MgCl. and 2.4 X 10-3 
A-5-P. Buffers are designated as follows: 8 X 107? m glycine O, 8 X 107? m glycyl- 
glycine @, 0.04 m veronal A, 0.16 m acetate 0, 8 X 10°? m tris(hydroxymethy])- 
aminomethane @. Activity is recorded as per cent of the highest value. 


spectively. It is of some interest to contrast the relatively low affinity of 
the enzyme for N-5-P and the rapid rate of dephosphorylation of this 
compound once substrate saturation has been reached. 

Effect of Time of Incubatton—A-5-P was split at a linear rate until hy- 
drolysis was essentially complete (Fig. 3). The hydrolysis of I-5-P also 
proceeded at a constant rate throughout most of its course. With N-5-P 
the rate fell off with time due to substrate depletion. | 
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Substrate Competition Experiments—Constant activity ratios during pur- 
ification were regarded as evidence that a single enzyme hydrolyzed A-5-P, 


TABLE II 


Activity of Bull Seminal Plasma and of Purified 5-Nucleotidase against Various 
Phosphorylated Compounds 


Incubation mixture as described in the text. The substrate concentrations 
varied from 2 X 1073 m to 2.4 X 10-3 Mm. With compounds that were hydrolyzed 
slowly the incubation time was increased from 15 minutes to 4 hours and the con- 
centration of enzyme was increased 100-fold over that used with A-5-P. Relative 
figures are given, the rate of hydrolysis of adenosine-5-phosphate being taken as 
100 for both seminal plasma and purified enzyme. 


Activity of 


Seminal plasma | Purified enzyme 


2.0 <0.004 
8-Glycerophosphoric acid......................... 0.7 0.004 
0.7 0.01 
6-Phosphogluconic acid........................... 0.27 0.01 
0.7 0.04 
0.7 0.04 
Riboflavin phosphate............................. 0.3 <0.01 
3-Phosphoglyceric 0.5 0.004 
2.8 0.39 
7.6 0.9 
Sodium 0.2 <0.004 
Yeast uridylic acidf.................. 0.7 0.01 


* In a separate experiment R-5-P and R-3-P were tested at 6 X 10“ M concentra- 
tions. With crude semen the ratio R-3-P rate to R-5-P rate was 1.25; with purified 
enzyme the ratio was 0.06. 

+ When these compounds are split, A-5-P is formed, which would quickly yield 
more ortho-P. The true rate is therefore a fraction of that given in the table. 

t These substrates were tested with a separate preparation of seminal plasma 
and purified enzyme. 


I-5-P, N-5-P, U-5-P, C-5-P, and R-5-P. This was supported by the find- 
ing that with a mixture of 7 X 10-4m A-5-P and 7 X 10-*m I-5-P the rate 
of liberation of ortho-P was not additive, but intermediate between the 
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individual rates. The same was true for a mixture of 7 X 10-* m A-5-P 
and 7 X 10-*m U-5-P. 

Difficulties arose when experiments on substrate competition involving 
N-5-P and R-5-P were attempted. Relatively high concentrations were 
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Fig. 2. Effect of substrate concentration on the rate of liberation of ortho-P by 
purified bull semen 5-nucleotidase. The reaction mixture contained 0.1 ml. of 
glycine buffer (1 mM, pH 8.5), 0.1 ml. of MgCl. (0.1 mM), substrate, enzyme, and H.0 
up to 1.24 ml. The amount of enzyme was varied with the substrate so that similar 
amounts of ortho-P would be released. The extent of splitting at suboptimal sub- 
strate concentrations did not exceed 9 per cent for R-5-P and N-5-P or 35 per cent 
for A-5-P and I-5-P. 


needed to saturate the enzyme and to affect the rate of splitting of A-5-P. 
Under these conditions, non-competitive inhibitory effects were noted. 
Metal Requirements and Inhilitors—The splitting of A-5-P by purified 
bull semen enzyme was usually measured in the presence of 8 X 1073 m 
MgCl, and 8 X 10°? m glycine buffer. The rate was the same with 5 
times as much MgCl, whereas leaving out this salt caused a 70 per cent 
decrease. Neither CaCl, nor MnCl, could replace MgCl, With 8 107 


| 
| 


1g 


L. A. HEPPEL AND R. J. HILMOE 


673 


m tris(hydroxymethyl)aminomethane as the buffer, omission of MgCl: 


caused only a 25 per cent decrease in the rate of hydrolysis. 


In the presence of MgClo, the reaction was inhibited by CaCl, and this 
effect could be overcome by excess MgClo. 
Sodium fluoride inhibited the rate of splitting of A-5-P by purified bull 
semen enzyme to the extent of 98 per cent at 0.1 mM and 73 per cent at 0.01 
mM. Borate buffer (8 X 10-2 M) inhibited 85 per cent compared with gly- 
cine buffer of the same pH. This ion is known to inhibit other phospha- 


tases (18). 


III 


Enzymatic Dephosphorylation of Uridine-6'-Phosphate and Cytidine-5'-Phosphate 


The incubation mixture contained 0.1 ml. of mM glyetme-buffer, pH 8.5; 0.1 ml. of 
0.1m MgCl.; 1.7 y of venom protein, 0.3 y of purified bull semen enzyme or 19.5 + 


of seminal plasma protein; substrate and water up to 1.24 ml. 


At least two levels 


of substrate were tested, which varied between 1 and 2 um. Substrate saturation 
was attained at both levels. Incubation time, 15 minutes; temperature, 37.3°. 


| Rate of ortho-P liberation by 
“plasma Purified bull se- Km 
men S:nucleo- | gJgmanteus 
protein protein protein 
143 2860 232 <10- 
157 3630 990 2x 104 


* Enzyme-substrate dissociation constant (17) determined with the purified bull 
semen enzyme. 

t Synthetic compound donated by Professor A. R. Todd. 

t Isolated from penicillin-treated staphylococci by Dr. J. T. Park. 


5-Nucleotidase- of Snake Venom 


Lyophilized venom obtained from a number of species of snakes was 
found to be highly specific in its phosphomonoesterase activity because 
A-5-P and I-5-P were rapidly split, while many other phosphorylated com- 
pounds were not attacked (1).6 These observations have been confirmed 
and extended in the present investigation. Crotalus adamanteus venom 
was tested on N-5-P, R-5-P, U-5-P, and C-5-P and found to hydrolyze all 
of these compounds (Tables III and IV). The following enzyme-sub- 
strate dissociation constants were obtained for Crotalus atrox venom: 


* This specificity was consistently found in recent studies involving many species 
of snakes (EK. A. Zeller, personal communication). 
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Fig. 3. Effect of incubation time on liberation of ortho-P by purified bull semen 
5-nucleotidase. The concentration of each substrate was 7 X 1074 mM, and 1.24 ml. 
of reaction mixture also contained 0.1 ml. of m glycine buffer, pH 8.5, 0.1 ml. of 
0.1m MgCh, and enzyme. © and @ of the I-5-P curve represent separate experi- 
mental runs. 

Tanie IV 
Phosphatase Activity of Snake Venom against Several Nucleotides 

The incubation mixture contained 0.1 ml. of mM glycine buffer, pI1 8.5; 0.1 ml. of 
0.1m MgCl; 3 um of substrate; venom and distilled water up to 1.24 ml. All sub- 
strate concentrations were optimal. The amount of enzyme and time of incubation 
were increased greatly in going from the easily hydrolyzable to the resistant esters. 
Deproteinization and phosphate analysis as described in the text. 


| Specific | Ratio, | Ratio, Ratio 
Species activity N-5-P rate | R-S-Prate | yeast adenylic rate 
against A-5-P| A-5-P rate | A-5-P rate A-5-P rate 
protein | 
Crotalus virtdia.................. | 1650 0.29 0.02 0.004 
wis adamanteus............. | 910 0.23 0.02 <0.001 
| 370 29 ().02 <0.001 
| 160 0.30 <0.001 
Agkistrodon piscivorus........... | 625 0.13 0.005 
mokasen............. 775 0.10 <0.001 
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A-5-P, <10°-4; N-5-P, 8 & 10-4; R-5-P, 1.7 K 10°%. This same order of 
decreasing affinity was found with the bull semen enzyme. 

Substrate competition experiments involving N-5-P, R-5-P, and A-5-P 
were attempted but difficulties arose similar to those encountered with 
bull semen 5-nucleotidase. Both N-5-P and R-5-P showed non-competi- 
tive inhibitory effects. 

In preliminary studies, a 5-fold purification of the 5-nucleotidase of C. 
adamanteus venom was obtained by fractionation with ammonium sulfate. 
The fractionated material was highly unstable, whereas aqueous suspen- 
sions of crude venom maintained full activity for months at 2°. 


Potato Extracts 


Dephosphorylation of A-5-P by Potato Extracts—The A-5-P phosphatase 
activity of aqueous potato extracts was purified 400-fold by the following 
procedure: (1) fractionation with ammonium sulfate, (2) dialysis against 
distilled water, (3) adsorption on aluminum hydroxide gel Cy and selec- 
tive elution with varying concentrations of KCl. In the course of puri- 
fication a partial separation of phosphatase activity against yeast adenylic 
acid and 6-glycerophosphate was obtained. In crude juice the ratio of 
the splitting rate of A-5-P to yeast adenylic acid to 8-glycerophosphate 
was 1:2.2:2.8. In the KCl eluate from aluminum hydroxide gel it was 
1:0.25:0.09. By working up fractions rich in splitting activity of yeast 
adenylie acid a preparation was obtained with a ratio of A-5-P to yeast 
adenylic acid rate of 1:5. These data would indicate that different en- 
zymes were involved in the dephosphorylation of A-5-P and yeast adenylic 
acid. All measurements were made at pH 5.0. We have confirmed Korn- 
berg and Pricer’s observation (19) that at pH 9.3 the rate of hydrolysis of 
A-5-P is only partially diminished, while yeast adenylie acid is not split at 
au measurable rate. 


DISCUSSION 


The results of the present investigation on bull semen provide better 
evidence for a mammalian 5-nucleotidase than has been thus far available. 
Tissue preparations previously described have all had measurable activity 
ugainst yeast adenylic acid. In the case of the bull semen enzyme this 
activity was shown to be a contaminant by its complete removal in the 
course of purification. Further, the concept of a 5-nucleotidase has been 
made more secure by demonstrating that a variety of carbon 5-substituted 
nucleotides were acted upon, including A-5-P, N-5-P, I-5-P, U-5-P, and 
C-5-P.' Earlier studies were limited to A-5-P and its deamination product, 
[-5-P. 

The venom from a number of species of snakes was previously shown to 
be highly specific in dephosphorylating A-5-P and I-5-P but not other 
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phosphate monoesters (1). Now it has been demonstrated that the range 
of specificity, at least for C. adamanteus venom, also includes N-5-P, U-5-P, 
and C-5-P. 

Reis (2) pointed out that suspensions of bull testicle split A-5-P much 
more rapidly than yeast adenylic acid and suggested the use of this ma- 
terial for the purification of 5-nucleotidase. We have confirmed his ob- 
servations, but the activity was found to be associated with insoluble par- 
ticles. Attempts to cause solution by autolysis or with trypsin were 
unsuccessful. 


SUMMARY 


5-Nucleotidase has been purified 50-fold from bull seminai plasma. The 
purified enzyme split ortho-P from A-5-P, I1-5-P, N-5-P, U-5-P, C-5-P, and 
R-5-P. Activity against adenosine-3’-phosphate and adenylic acid a was 
entirely removed in the course of purification. A number of other con- 
taminating phosphatase activities were also removed almost completely. 
Dissociation constants of the enzyme-substrate complexes and other prop- 
erties of the enzyme have been studied. 

Previous studies of specificity of snake venom 5-nucleotidase have been 
extended, and the dephosphorylation of A-5-P by potato fractions has 
been investigated. 
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THE NITROGENOUS CONSTITUENTS OF THE TISSUE 
LIPIDES 


IV. THE BLOOD PLASMA LIPIDES OF SEVERAL SPECIES* 


By WANDA E. TAYLOR anv J. M. McKIBBIN 


(From the Department of Biochemistry, New York State College of Medicine 
at Syracuse, and the Department of Zoology, Syracuse University, 
Syracuse, New York) 


(Received for publication, September 27, 1950) 


A number of investigators have reported values for the essential lipide 
constituents of blood plasma and serum in a variety of species. Lipide 
extracts of plasma and serum have been analyzed for total phosphorus 
and choline (1-8), total phosphorus and sphingomyelins (9-11), and all 
three of these components or their parent lipides (12-23). Investigation 
of the serine and ethanolamine-containing lipides has been more limited 
(24, 25). The values reported for these constituents show wide variation 
in the absolute amounts of the individual phosphatides between the various 
species and also within the same species. The variety of techniques em- 
ployed for the preparation and analysis of the lipide extracts is doubt- 
less responsible for this disagreement. 

It is the purpose of this paper to present data on the distribution of the 
nitrogen-containing lipides in purified plasma extracts of several species. 
The methods of extraction and preparation employed allow for the in- 
clusion of all the essential lipides and not merely the phospholipide frac- 
tion. Values are given for total lipide nitrogen, phosphorus, choline, 
and sphingosine, as determined by methods previously reported (26, 27). 


EXPERIMENTAL 


Preparation of Plasma Lipide Extracts—Blood samples from beef, pig, 
chicken, and turkey were obtained from slaughter-houses. Other blood 
samples were taken from our laboratory animals and drawn from normal 
humans at the transfusion laboratory of the adjacent Syracuse Memo- 
rial Hospital. All blood samples were immediately treated with oxalate 
and centrifuged with as little delay as possible. Plasma samples were 
pipetted into 14 volumes of alcohol-ether 3:1, and the mixture allowed to 
reflux for 14 hours. The extract was filtered through a sintered glass 


* From the thesis presented by Wanda E. Taylor to the Faculty of the Graduate 
School of Syracuse University in 1950, in partial fulfilment of the requirements 
for the degree of Master of Arts. This work was supported by a grant from the 
Life Insurance Medical Research Fund. 
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funnel with the aid of suction and the precipitated plasma proteins were 
allowed to dry overnight in an oven at 65°. The precipitate was then 
ground in a mortar and extracted continuously with CHCl; for approxi- 
mately 14 hours in a Soxhlet extractor. The combined extracts were 
then concentrated and purified by repeatedly emulsifying the chloroform 
solution with 0.25 m aqueous MgCl, freezing, thawing, and withdrawing 
the aqueous layer as previously reported (26). 

Purification of Lipide Extracts—The purification procedure as applied 
to plasma lipides was checked by estimating total nitrogen, phosphorus, 
and fatty acids in the aqueous MgCl, extracts by methods previously 
reported (26). The results demonstrated the need for a greater number 
of washings for plasma lipides than was reported necessary for other 
tissue lipides. Significant amounts of impurity nitrogen were found in 
the eighth to the tenth washings with MgCle, and only minimal quantities, 
equivalent to 0 to 3 per cent of the total lipide nitrogen, in the eleventh 
and the twelfth washings. Accordingly twelve washings were used rou- 
tinely with the plasma samples reported. The lipide losses incurred in 
this purification procedure did not exceed a total of 4 per cent, calculated 
as monoamino phosphatide (26). In a number of the purification wash- 
ings the fatty acids were present in excess of twice the molar quantity of 
phosphorus. Therefore, all of the fatty acids present could not be ac- 
counted for as monoamino phosphatide. The nature of this trace of 
fatty acid-bearing material is unknown. 

Analyses of Purified Plasma Extracts—Total nitrogen, phosphorus, cho- 
line, and sphingosine were determined in the lipide extracts. Lipide 
nitrogen was determined by a micro-Kjeldahl procedure, lipide phos- 
phorus by a modification of the Fiske and Subbarow method, choline by 
precipitation as the reineckate salt after hydrolysis, and sphingosine by 
the determination of chloroform-sdluble nitrogen after hydrolysis. These 
methods have been described in detail (26, 27). In addition several of 
the extracts were analyzed for total amino nitrogen by the manometric 
nitrous acid method of Van Slyke (28). The extracts were hydrolyzed 
for 24 hours with 2 n HCl, and the liberated fatty acids and sphingosine 
removed by extraction with chloroform. The aqueous phase was then 
utilized for the determination of amino nitrogen by a method to be re- 
ported in detail. For several samples it was necessary to modify the 
method for the determination of total sphingosine. The chloroform ex- 
tracts of the Ba(OH).-HCl hydrolysates contained considerable amounts 
of barium salts. Direct nesslerization of the acid digests of these samples, 
according to the method previously described (27), gave high and variable 
figures. The acid digests of the sphingosine extracts were therefore made 
alkaline and distilled, and the distillates nesslerized. 
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DISCUSSION 


The data presented in Table I show a variation in the absolute amounts 
of lipide nitrogen, phosphorus, choline, and sphingosine between the vari- 
ous species, and less variation within the same species in most instances. 


TABLE I 
Total Lipide Phosphorus, Nitrogen, Choline, and Sphingosine of Purified Plasma 
Extracts 
Lipide choline Lipide sphin- Lipide amino 
Li Li N:P line tra’”’ 
Species ide ide molar Per | to P, Per |N per Per 
P N | ratio cent | molar cent | cent cent 
BM | uM BM BM pM 
276 |1.145|245 (77.5 |0.89035.7/11.3 | 1.36)13.8) 4.36 
338 |399 |1.182/316 (79.0 |0.935'45.911.5 | 3.88 15.6) 3.91 
212 |255 |1.180:199 (78.0 |0.938/33.7\13.2 | 4.02)12.0) 4.70 
184 |222 |1.201/163 (73.5 |0.885/36.0/16.3 | 0.43)12.9) 5.8 
208 302 |1.449)191 (63.5 |0.920\57.5/19.1 {11.9 
151 |1.283)1385 (69.5 (0.891/37.6)19.4 | 2.64/13.4) 6.9 
SORES 130 |1.205120 (77.1 0.929/28.2|18.1 
120 |143 |1.196)107 (74.9 |0.897/24.0/16.7 
111 |1.258)109 [78.0 |0.982/23.6'16.9 | 3.58 
A 109 |125 |1.150| 92.1|73.5 |0.848/21.4/17.0 
105 |116 |1.104| 88.4/76.2 |0.841/21.4)18.4 
129 150 |1.159|}116 (77.5 \0.897/23.8/16.0 
White Rock (6).........204 245 1.202 176 71.5 
“ Leghorn (12). ....'271 (322 1.190 232 72.0 | 5.59 52.4:16.3 
320 365 |1.142278 (76.1 |0.869\36.610.0 | 2.2650.913.9 
Human A*.............. 224 288 1.287/199 69.1 |0.889/60.120.9 | 1.40 
240 304 |1.270.228 (74.6 |0.945'56.9)18.7 | 2.58 
256 |324 |1.265248 (76.7 0.969\52.916.5 | 4.49 
246 (314 |1.282;:242 77.0 0.987'53.016.9 | 5.16 
190 248 |1.300:182 (73.6 '0.956,46.918.9 | 6.1 
227 320 |1.408212 [66.5 (0.935/71.022.2 | 6.7640.5 12.7 


Concentrations are expressed in micromoles per 100 ml. of blood plasma. The 
parentheses indicate the number of animals from which blood samples were pooled. 
* Samples taken from the same individual, with 3 month interval between. 

Liver cirrhosis. 


There is less variation in the pattern of these lipides than in the absolute 
amounts, ‘This is true within the same species and among all the species 
studied. ‘Thus the choline nitrogen fraction represents the major com- 
ponent (64 to 79 per cent of the total lipide nitrogen), and the sphingosine 
nitrogen a minor component (10 to 22 per cent of the total lipide nitro- 
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gen). The choline to phosphorus molar ratios are measurably below 
unity in almost every instance, indicating the presence of non-choline- 
containing phosphatides in blood plasma. The sphingosine to phosphorus 
molar ratios vary between 0.115 and 0.312 for the samples analyzed. 

A comparison of the data of this study with others indicates general 
agreement for the most part in the total phospholipide levels of the various 
species. Pig, sheep, rabbit, and rat have the lowest levels, all being under 
150 um per 100 ml. The plasmas of the other species maintain phospho- 
lipide concentrations well above this level. The nitrogen to phosphorus 
ratios reported by Sinclair (19) on lipide extracts purified by dialysis are 
within the same general range as those reported here. 

Much variation has been found in the values for the sphingolipides, 
which appears to be due more to the different methods of analysis em- 
ployed than to individual variation of samples. On the whole, the per 
cent sphingolipide of total phospholipide reported in this study agrees 
with sphingomyelin values calculated from the nitrogen to phosphorus 
ratios of Sinclair (19). Sphingomyelin values, as determined by the 
selective hydrolysis method (10, 15, 18) or by the sphingomyelin reineck- 
ate precipitation technique (12, 16, 17, 21), are generally lower than the 
values reported here for sphingosine. On the other hand the determina- 
tion of ether-insoluble lipide phosphorus which was ee to represent 
sphingomyelins gives higher values (22, 23). The presence of sphingo- 
lipides other than sphingomyelins, the completeness of the reineckate 
precipitation, and the specificity of the selective alkaline hydrolysis and 
of ether precipitation are all factors which could account for this relatively 
high percentage variation. Brante (2) reports that serum sphingomyelin 
differs from brain sphingomyelin in its solubility in ether, the former being 
partially soluble while the latter is completely insoluble. Thannhauser 
and coworkers (29) have isolated saturated lecithin in the ether-insoluble 
fraction of phospholipides prepared from brain and lung. These observa- 
tions throw some doubt on the reliability of ether fractionation in the 
determination of the sphingomyelins of blood plasma. Any slight in- 
herent errors in all of the procedures employed would be magnified on a 
percentage basis due to the fact that the sphingomyelins are a minor com- 
ponent of the plasma phosphatides. 

The variation in the reported values for total choline-containing phos- 
phatides is undoubtedly due to the different methods of hydrolysis em- 
ployed. Authors utilizing gaseous HCl in methanol have reported among 
the lowest values for this fraction (1, 16, 21, 22, 24). This reagent has 
failed to give maximal choline liberation in this laboratory (26), and 
Brante (2) has reported that it gives 15 to 25 per cent less choline from 
the same lipide mixture than alcoholic NaOH. ‘This, in turn, still gives 
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lower values than those reported here (2, 6, 12). Barium hydroxide has 
given consistently high choline values in this laboratory and in others (4, 
5, 19), although rather low values have also been reported with this agent 
(3, 7, 8, 17, 23). However, the hydrolysis procedures of the latter investi- 
gators were much less rigorous than that employed in this laboratory. 
Taurog, Entenman, and Chaikoff (4) and Entenman and Chaikoff (5) 
found choline to phosphorus ratios approaching unity in dog plasma lipides, 
and thus concluded that only choline-containing phosphatides are present 
in dog plasma. They demonstrated further that their precipitated phos- 
phatides were not contaminated with free choline (5). Brante (2) found 
no free choline in his plasma lipide extracts and we have found none in 
the aqueous MgCl, extracts from our purification procedure. Our lower 
choline to phosphorus ratios must then be explained by either incomplete 
hydrolysis or by the presence of non-choline-containing phosphatides. 

The data obtained from the manometric determination of total amino 
nitrogen in several of the plasma lipide extracts indicate thai ethanolamine 
or serine phosphatides comprise a measurable fraction of the plasma phos- 
phatides. The magnitude of this fraction indicates that it represents 
primarily non-choline-containing phosphatide nitrogen, and not non-lipide 
impurity nitrogen which might react with nitrous acid. Artom (24) has 
described a periodate oxidation technique whereby ethanolamine and 
serine can be determined on lipide hydrolysates, and has found that these 
constituents comprise 21.3 and 6.6 per cent respectively of the total phos- 
pholipide in human plasma. Blix (25) has also reported figures for ethanol- 
amine phosphatides in human serum, while Sinclair (20) has demon- 
strated the presence of amino nitrogen in his purified extracts of human, 
turkey, and pig plasma, although he failed to find detectable amounts in 
beef and dog plasma extracts. 

The data shown in Table I demonstrate that in over half of the samples 
analyzed the total lipide nitrogen is in excess of the sum of lipide phos- 
phorus and sphingosine on a molar basis. In any mixture of monoamino 
phosphatides, sphingomyelins, and cerebrosides these would be equal. 
Moreover the sum of choline, sphingosine, and total amino nitrogen is 
less than that of total lipide nitrogen in many of the extracts. It is in- 
teresting that in dog liver lipides, from which the plasma lipides are pre- 
sumably derived, there is an 11 to 20 per cent discrepancy in this respect. 
It is clear that some other nitrogenous substance is present in these ex- 
tracts and may be identical with the substance which appears in increased 
amounts in the plasma of the choline-deficient dog (30). Fractionation 
procedures were carried out with lipide extracts of Beefs A and B. The 
unidentified nitrogenous substance is precipitated along with the phospho- 
lipides with acetone-MgCl,. The substance is distributed toward water 
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from petroleum ether-chloroform, a solubility property different from 
most of the plasma phospholipides. Final proof that this extra nitrogen 
is of lipide origin and not from impurity will depend upon isolation of 
such a lipide and identification of the nitrogenous component. 


SUMMARY 


Total lipide nitrogen, phosphorus, choline, and sphingosine have been 
determined in the blood plasma of nine species. Variations were observed 
in the absolute amounts of these constituents between the different species 
and also within the same species. However, a similarity in pattern of the 
nitrogenous bases is seen with choline nitrogen comprising 64 to 79 per 
cent and sphingosine nitrogen 10 to 21 per cent of the total lipide nitro- 
gen. Further evidence is presented for the existence of non-chohne-con- 
taining phosphatides in blood plasma. A number of the lipide extracts 
contained nitrogen in excess of that predicted for a simple mixture of 
monoamino phosphatides, sphingomyelins, and cerebrosides. ‘This extra 
nitrogen is a variable and relatively minor component of the total lipide 
nitrogen. 
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THE PRODUCTION OF 6-NITROPROPIONIC ACID BY A STRAIN 
OF ASPERGILLUS FLAVUS* 


By MILTON T. BUSH, OSCAR TOUSTER, anp JEAN EARLY 
BROCKMAN 


(From the Departments of Pharmacology and Biochemistry, Vanderbilt University 
School of Medicine, Nashville, Tennessee) 


(Received for publication, July 21, 1950) 


The report of several years ago (2) on the production and purification of 
“flavicin” included a partial characterization of an organic acid (m.p. 
67-68°) isolated from one of the toxic fractions of very low antibiotic 
activity. This acid possessed one free acidic group and one apparently 
bound acidic group. Elementary analyses were subsequently obtained 
which indicated the simplest empirical formula to be CsHssNOx,. 

Recently we returned to the consideration of a structure for this interest- 
ing acid. That the substance might be 6-nitropropionic acid was suggested 
by the report (3) that this nitro compound is identical with hiptagenic acid, 
obtained by hydrolysis of two closely related plant glycosides, hiptagin 
(4, 5) and karakin (5, 6). Apparently the only other known nitro com- 
pound of biological origin is chloramphenicol (7, 8). 

B-Nitropropionic acid was synthesized from 8-propiolactone and sodium 
nitrite and from #-iodopropionic acid and silver nitrite, and the identity of 
the natural and synthetic products was established by several independent 
criteria, including the slow neutralization in the alkaline range characteristic 
of primary aliphatic nitro groups and their salts (9). The nitro compound 
could not be isolated from the corn steep liquor or from sterilized medium 
before inoculation, but it was possible to repeat the isolation of 8-nitro- 
propionic acid from culture liquor. These results indicate that the sub- 
stance is indeed a metabolic product of the microorganism. 


Synthesis of B-Nitropropionic Acid 
8-Nitropropionic acid was first synthesized in very low yield from 
sodium nitrite and 8-propiolactone, by analogy with the reported reaction 
of this substance with salts of other inorganic acids (10). It was then 


prepared in larger amounts by the method of Lewkowitz (11), which is 
based upon the reaction of silver nitrite with 6-iodopropionic acid. 


* This work was supported largely by funds given by the Mallinckrodt Chem- 
ical Works, and in part by funds from the Rockefeller Foundation and the Nutri- 
tion Foundation, Inc. A preliminary report was presented at the meeting of the 
Federation of American Societies for Experimental Biology, Atlantic City, March, 
1950 (1). 
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From B-Propiolactone and Sodium Nitrite—6-Propiolactone (7.2 gm.) 
was added over a 5 minute period to a solution of sodium nitrite (6.9 gm.) 
in water (40 ml.), the temperature being maintained at 25° during the 
addition. The solution was stirred for 2 hours, acidified with hydrochloric 
acid, and extracted with 4 equal volumes of ether. The combined ether 
extracts were dried over magnesium sulfate and the ether removed in 
vacuo. The resulting orange-green oil partially crystallized after several 
minutes. The crystals were separated by filtration and recrystallized 
twice from isopropyl acetate. The yield of 8-nitropropionic acid was 
approximately 100 mg., m.p. 64-65°. 

From B-Iodopropionic Acid and Silver Nitrite—A mixture of B-iodopro- 
pionic acid (2.0 gm.) and silver nitrite (1.54 gm.) in water (10 ml.) was 
stirred frequently over a3 hour period. A small amount of gas was evolved 
during the reaction. The solution was filtered and the filtrate treated 
again with silver nitrite (0.8 gm.). After 1 hour, completeness of reaction 
was indicated by the absence of silver iodide formation on addition of more 
silver nitrite. The mixture was filtered, and the filtrate was strongly 
acidified with hydrochloric acid. The acidified solution was filtered and 
immediately extracted with four equal portions of ether. The combined 
extracts were dried over magnesium sulfate, and the ether was removed 
in vacuo. After a short time in a desiccator, the resulting oil (0.42 gm.) 
solidified to a white mass of long, silky crystals. Recrystallization from 
chloroform yielded 167 mg. (14 per cent) of product (m.p. 65-66°), but an 
additional amount was present in the mother liquor. ‘The yield was not 
reported by Lewkowitz. 


Comparison of Natural and Synthetic B-Nitropropionic Acid 


Natural and synthetic 8-nitropropionic acid, as well as various mixtures 
of the two, had the same melting points. Rapid crystallization occurred 
when a supersaturated chloroform solution of one preparation was seeded 
with a crystal of the other. The two products behaved similarly in the 
Victor Meyer nitrosation test for primary nitro compounds ((12) p. 241). 
Insufficient material was available to obtain the typical red color of this 
test, but a solution of either synthetic or natural 8-nitropropionic acid in 
alkaline nitrite gave a strong orange color on addition of a drop of acid. 
The color disappeared when the solution was completely acidified and was 
regenerated on alkalization. 

Titration of the substance originally isolated from the culture medium 
had yielded a neutral equivalent of 124 and apparent ionization constants 
of pK’; 3.7 and pK’,9.1. Synthetic 8-nitropropionic acid had identical 
ionization constants and a neutral equivalent of 122 (calculated 119). 
Both compounds showed, in these titrations (carried out at about 25°), 
the slow reaction in the alkaline range characteristic of primary nitro 
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compounds, the pK’, being obtained by plotting equilibrium values. Re- 
action of alkali with the nitro groups and the reaction of the resulting salt 
with acid both required several minutes for attainment of equilibrium. 
The titration curve of 8-nitropropionic acid is illustrated in Fig. 1. 

In the initial titration with alkali, the synthetic product (prepared from 
8-iodopropionic acid and silver nitrite) showed no lag in attainment of 
equilibrium pH in the alkaline range. However, the expected slow reaction 
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Fig. 1. Electrometric titration of 8-nitropropionic acid with glass electrode. 
N. E., neutral equivalent. 


occurred in the back-titration with acid and again on retitrating this 
acidified solution with alkali. The synthetic product may have contained 
a catalyst which increased the rate of transformation of the nitro group into 
the acinitro form,! and destruction of the catalyst by strong alkali might 


explain the slow neutralizations during the subsequent titrations with acid 
and alkali. 


Analysis of Media and ‘ullures for B-Nitropropionic Acid 


After the identity of the acid isolated in 1945 had been established, it was 
desired to show whether the substance was actually produced by the mold 


1 Remarkable catalytic effects on the conversion of aci-nitrocamphor into its 
true nitro form have been reported ((12) p. 234 (13)). 
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or was present in the medium before inoculation. It was possible that it 
had been present in the corn steep used in 1943-44, although recently pub- 
lished studies of the composition of similar material (14) give no indication 
of the presence of nitro compounds. A remnant of several gallons from 
our original stock of concentrated corn steep water (A. E. Staley Manu- 
facturing Company) had been stored in the refrigerator (5°) for 6 to 7 
years. Efforts to isolate 8-nitropropionic acid from sterilized medium 
prepared with it as in the earlier work (15) demonstrated that this acid 
was present, if at all, in an amount much smaller than that isolated in 
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Fig. 2. Distribution of synthetic 8-nitropropionic acid; volume ratio of ether 
and 2 M NaH2PQ, adjusted to give p = 0.8 for K = 1 (ether 5.1 ml.; phosphate 1.1 
ml.). 


1945, 900 mg. from 90 liters (2). The method used to show this was that 
of analysis by systematic multiple fractional extraction, the principles of 
which have been discussed in detail elsewhere (16, 17). 

Before this method was applied to the analysis of the unknown mixtures, 
it was applied to pure synthetic §-nitropropionic acid, in order to show 
whether this substance exhibited a partition coefficient which remained 
constant under suitable conditions. All extractions were carried out at 
20-25°. The solvent system, ether-aqueous 2 m sodium dihydrogen phos- 
phate, was found to be satisfactory, and Fig. 2 shows the experimental 
distribution of 22.9 mg. of 8-nitropropionic acid in the four ether fractions 
after a 4 X 4 systematic multiple fractional extraction had been performed 
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(16). The volumes of the two solvents were chosen to give p = 0.8* in 
order to keep most of the solute in the ether fractions, from which it is 
easily recovered. It is clear from the near coincidence of the experimental 
and calculated curves that the actual distribution of this solute is near 
enough to the theoretical for our purposes. 

Because of the possibility that our corn steep had originally contained 


_ B-nitropropionic acid which had by now decomposed, it was important to 


repeat the isolation from new mold cultures. The original strain of 


— Aspergillus flavus had been allowed to expire in old culture tubes, but from 


the dust of the same laboratory a new isolation was made of a strain of 


_ A. flavus which appeared morphologically to resemble the original closely.* 
_ This has now been lyophilized. : 


The fresh cultures, the complete medium, and the corn steep were 
all analyzed in essentially the same manner. Only the analysis of the 
cultures will be described in detail; the results of the other analyses will be 


summarized. 


Analysis of Batch of Fresh Cultures—6 liters of medium were prepared 


and distributed in 1.5 liter batches in 5 liter diphtheria toxin bottles. 


These were inoculated from a dry stock mixture of mold spores and talc. 


_ The mold was allowed to grow for 12 days at 22-24°. The composition 


of the medium and the harvesting and extracting of the culture liquid were 


as described previously (2, 15) except that dextrose was used instead of 


lactose, and the extractions were carried out in a 22 mm. (inside diameter) 
spray column 2.2 meters long to insure a recovery of at least 90 per cent 
of solutes having partition coefficients 21. The extracting solvent was 
isopropyl acetate, and for @-nitropropionic acid K = 2. The acetate 


extract was successively equilibrated in batches with two 50 ml. portions 


of old sodium bicarbonate solution, 0.5 and 0.1 N, by shaking in 3 liter 
separatory funnels for 4 minutes. Both aqueous alkaline extracts had 
final pH values of 9.0. 

The combined bicarbonate extracts (“crude extract’’) were immediately 
acidified to pH 4.0 with H3PQ,, and the concentration of NaH,PQ, ad- 
justed to2 Mm. This was diluted to 120 ml. with 2 m NaH2PQ, and used as 
Aqueous I, (16) in a series of 4 X 4 multiple fractional extractions. In 
Fig. 3, Curve I shows the distribution of solute in this first ether pool. 
To get a better separation of material of K = 1 from that of higher K, 
this ether pool was put through a second series of extractions with a dif- 
ferent volume ratio, such that the substance sought accumulated in the 
aqueous pool. In Fig. 3, Curve II shows the distribution of solute; from the 


2p = KV./(KVz + Vy) where V,z is the volume of the lighter solvent, V, is the 
volume of the heavier solvent, and K = (mg. per ml. of X)/(mg. per ml. of Y). 
* We wish to thank Dr. Roy C. Avery for identifying the mold. 
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aqueous phases the solute was recovered by two 24 hour extractions with 
ether in a modified Palkin apparatus (18). It is clear from the graph that 
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Fig. 3. Fractionation of ‘‘crude extract’’ of A. flavus culture by a series of 4 X 
4 multiple fractional extractions (ether and 2 mM NaH2PQ,). Curve I, distribution 
of crude solute, p = 0.75 for K = 1 (ether 360 ml.; phosphate 120 ml.). Since 93 
per cent of the 8-nitropropionic acid should accumulate in the ether pool, the weight 
of the material in the aqueous fractions was not determined. Curve II, reprocess 
of ether pool (Curve I), p = 0.30 for K = 1 (ether 30 ml.; phosphate 70 ml.). Curves 
IV and V represent theoretical distributions (4 X 4) of 100 mg. of a substance of 
K = 1, with volume ratios adjusted for p = 0.30 and 0.75, respectively. Curve III, 
reprocess of aqueous pool (Curve II), p = 0.28 for K = 1 (ether 15 ml.; phosphate 
38 ml.). 

Fic. 4. Final fractionation of Aqueous Pool III (Curve III, Fig. 3), with vol- 
umes of 456 ml. of ether and 152 ml. of phosphate. 


the aqueous pool of Curve II must contain an appreciable amount of the 
“ether pool stuff;’’ to remove this the combined solute from the aqueous 
fractions was reprocessed in the same solvent system at a similar volume 
ratio. The weights of the residues only from the ether fractions are plotted 
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as Curve III, Fig. 3, which shows rather complete removal from the 
aqueous pool of substances having K values appreciably higher than 1. 
The aqueous fractions were combined as Aqueous I for a final 4 X 4 
fractionation. The distribution is shown in Fig. 4, Curve I. The close- 
ness of fit to the theoretical Curve II indicates that the impurities still 
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Fig. 5. Fractionation of ‘“‘crude extract’’ of medium by a series of multiple 
fractional extractions (ether and 2 M NaH2PQ,). Curve I, distribution (6 X 6) 
of crude solute, p = 0.60 for K = 1 (ether 225 ml.; phosphate 150 ml.). Curve ITI, 
reprocess (4 X 4) of ether pool (Curve I), p = 0.30 for K = 1 (ether 17 ml.; phosphate 
40 ml.). The weight of the material in the aqueous fractions was not determined. 
The fractionation (6 X 6) of this aqueous pool is shown in Curve IV (p = 0.70 for 
K = 1, ether 360 ml.; phosphate 156 ml.). Curves II and V represent theoretical 
distributions (6 X 6) of 100 mg. of a substance of K = 1, with volume ratios ad- 
justed for p = 0.70 and 0.60, respectively. 


present with the 8-nitropropionic acid have partition coefficients near 1. 
These residues from ether were crystalline, and recrystallization of the 
combined fractions from benzene and then from ethyl acetate gave 14 mg. 
of a product melting at 65-67°, which did not depress the melting point 
of synthetic 8-nitropropionic acid. The maximum amount of this sub- 
stance originally present can be estimated by the ratio (mg. in the final 
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ether pool)/(fraction of original substance of K = 1 theoretically present 
in this pool) = 75/0.69 = 109 mg.‘ 

Analysis of Medium—The crude extract from 6 liters of medium (treated 
as above) was first fractionated by a series of 6 X 6 extractions (Fig. 5, 
Curve I). This first ether pool was reprocessed in a 4 X 4 series (Fig. 
5, Curve III). These four aqueous fractions were combined as Aqueous 
Io in the final series of 6 X 6 extractions (Fig.5, Curve IV). From Fraction 
4 of Curve IV we can calculate that the maximum amount of substance 
having K = 1 present in the crude extract of the medium was 1.1 mg./ 
(0.178 X 0.75 X 0.88 * 0.93) = 10.1 mg. Since none of the fractions 
represented by Curve IV gave any sign of crystalline material, it seems 
reasonable to conclude that the amount of 8-nitropropionic acid present 
in the original medium was well below this estimate of 10.1 mg. 

Analysis of Corn Steep—A fractionation of 100 gm. of the corn steep was 
carried out in essentially the same way as above. ‘The results were similar 
at all steps and the estimate of the maximum amount of substance of K 
= 1 originally present was 2.9 mg./(0.195 X 0.97 X 0.97 X 0.97 X 
0.90) = 18 mg. 

These results demonstrate that 8-nitropropionic acid is produced during 
the growth of the organism. Whether it is formed by enzymatic decom- 
position of a complex substance in the corn steep liquor, or by synthesis 
from simple precursors, is not known. The use of synthetic media should 
be helpful in elucidating the mode of formation of the nitro compound. 


SUMMARY 


A product isolated in 1945 from cultures of a strain of Aspergillus flavus 
has now been identified as 6-nitropropionic acid. This product has been 
isolated from new cultures of a similar organism. It has been shown that 
this substance cannot be present in the corn steep medium in amounts 
comparable to those isolated from the cultures. 

The identification included a comparison of the natural product with 
synthetic 6-nitropropionic acid. The behavior of this nitro compound in 
systematic multiple fractional extraction procedures and in electrometric 
titrations has been studied. 
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THE ENZYMATIC DEGRADATION OF THYMONUCLEIC 
ACID* 


I; THE PREPARATION OF OLIGONUCLEOTIDES 


By J. A. LITTLEt anv G. C. BUTLER 
(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, September 28, 1950) 


This study constitutes the first phase of an investigation undertaken to 
develop a method for obtaining mononucleotides from the desoxyribonu- 
cleic acid of calf thymus, and concerns itself with the first step in the 
procedure, namely the production of oligonucleotides. Fischer, Lehmann- 
Echternacht, and Boettger (1) have studied the degradation of thymo- 
nucleic acid, prepared by Levene’s (2) method, with a pancreatic enzyme. 
The same authors have described the preparation and properties of this 
enzyme, which they obtained from beef pancreas and called thymus poly- 
nucleotidase (3). Fischer and Lehmann-Echternacht (4) reported the re- 
sults obtained from the digestion of thymus tissue with this enzyme and 
the isolation of oligonucleotides from the digests. McCarty (5) described 
the isolation and properties of the same enzyme, which he called desoxyri- 
bonuclease. 

It was considered that the starting material for the preparation of oligo- 
nucleotides should be highly polymerized thymonucleate purified as much 
as possible and isolated by the mildest chemical treatment. It seemed 
desirable also that the oligonucleotide should be isolated by a method which 
avoided exposing it to extremes of temperature or pH. 

None of the researches mentioned above met these conditions. Fischer 
and coworkers in one case (1) used as their starting material Levene’s thy- 
monucleic acid, obtained by rather severe chemical treatment and known 
to be degraded (6). In another case (4) they used the crude thymonu- 
cleoprotein as it occurs in unfractionated thymus gland. In their procedure 
for isolating the oligonucleotide, these workers used a lead precipitation 
that involved considerable losses and also exposure of the oligonucleotide 
to extremes of pH. McCarty studied the action of his desoxyribonuclease 
on highly polymerized thymonucleate but did not carry the hydrolysis 
far enough to permit isolation of the oligonucleotides. 

For these reasons it was necessary to reinvestigate the problem. 


* Presented in part at the thirty-third annual conference of the Canadian Insti- 
tute of Chemistry, June, 1950. 


t Medical Research Fellow, National Research Council of Canada. 
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Methods 


Preparation of Thymonucleic Acid—The method of Hammarsten (7) or 
of Mirksy and Pollister (8) with some of the modifications suggested by 
McCarty and Avery (9) and Gulland, Jordan, and Threlfall (10) was used. 
In all cases the final solution in 1 m sodium chloride was clarified by filtra- 
tion through Celite before the alcohol precipitation. A number of batches 
with widely differing viscosity properties were prepared and used. 

Preparation of thymus nucleoprotein was carried out by the method of 
Mirsky and Pollister (8). 

Preparation of Enzyme—The desoxyribonuclease was prepared from beef 
pancreas exactly as described by McCarty (5); the final purified enzyme 
solution was lyophilized, and the residue was stored at 5°. 

Viscometry was carried out with an Ostwald pipette containing 5 ml. of 
solution and immersed in a water bath at 30°. Under these conditions the 
delivery time of the pipette for water was about 100 seconds. 

Phosphorus determinations were made by the method of King (11). 

Magnesium Determinations—The organic material in the samples was 
destroyed by boiling with concentrated nitric acid and a few drops of 32 
per cent hydrogen peroxide. The nitric acid was removed from the re- 
sulting solution by repeated evaporation to a small volume after addition 
of water. Magnesium was isolated as magnesium ammonium phosphate 
according to the method of Eichelberger and Bibler (12) and estimated by 
a phosphate determination. 

Ultraviolet absorption measurements were made with a Beckman model 
DU quartz spectrophotometer. 

Electrometric Titrations—The pH determinations were made with a Beck- 
man pH meter, model G, standardized with 0.1 M potassium acid phthalate. 

The thymonucleate or oligonucleotide under study was dissolved in CO,- 
free distilled water and an appropriate amount of this solution was placed 
in the closed titration vessel while an atmosphere of nitrogen was main- 
tained above the solution. Titration to pH 2 was carried out by serial 
additions of 0.1 nN HCl, while another sample of solution was titrated to 
pH 12 by serial additions of CO.-free 0.1 N KOH. Potassium hydroxide 
was used because of the smaller error it causes in pH measurements in the 
alkaline range with the glass electrode (13). 

All points on the titration curves were corrected for the titration of 
water. 


Results 


The progress of enzyme action was measured by viscosity reduction and 
by increase in acid solubility. 
The method used and the results obtained in measuring the decrease of 


of 
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viscosity under the action of desoxyribonuclease were exactly those de- 
scribed by McCarty (5). One additional factor that affects the rate of the 
enzyme reaction was discovered, viz., the nature of the substrate. The re- 
sults obtained under identical conditions but with five different samples 
of thymonucleate are shown in Fig. 1. It can be seen that the greater the 
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Fig. 1. The reduction in viscosity of sodium thymonucleate solutions (0.05 per 
cent) with desoxyribonuclease (stock solution diluted 1:200,000). 


initial viscosity of the solution, the more rapidly is its viscosity reduced 
by the enzyme. The differences in the initial viscosities were not due to 
large variations in the water content of the batches, since analyses of the 
solutions showed that they all had the same phosphorus content within 
+5 per cent. Because of this finding it seems inadvisable to base a unit 
of desoxyribonuclease activity on an absolute reduction in viscosity in a 
given time, as suggested by McCarty (5). 
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Fischer et al. (1, 4) reported that the oligonucleotide obtained from thy- 
monucleic acid, by the action of desoxyribonuclease, was completely soluble 
in acid. Thymonucleic acid is completely insoluble in acid and hence its 
conversion to oligonucleotide can be followed by determining the fraction 
which is acid-soluble. This represents a more deep seated change in struc- 
ture than does a reduction in viscosity and thus is a more useful criterion of 
hydrolysis in preparative work. 

The stock enzyme solution used in this study was prepared by dissolving 
61 mg. of the dry, lyophilized desoxyribonuclease in 5 ml. of 0.25 per cent 
gelatin solution, 0.003 m with respect to magnesium sulfate and 0.01 per 
cent with respect to merthiolate. Dilutions of the stock solution were 
made with the above gelatin solution. , 

The digestion was carried out and measured as follows: To 4.8 ml. of a 
0.5 per cent solution of sodium thymonucleate in 0.025 M veronal-carbonate 
buffer, pH 7.5, 0.01 per cent with respect to merthiolate, and 0.003 m with 
respect to magnesium sulfate, was added 0.2 ml. of a 10- to 1000-fold dilu- 
tion of the stock enzyme solution. This mixture, in a stoppered vessel, 
was immersed in a water bath at 30°. 1 ml. samples of the digest were 
removed at intervals, and each was added to 1 ml. of a 20 per cent trichloro- 
acetic acid solution in a test-tube at 0°. The contents of the tube were 
mixed by shaking, left 1 minute at 0°, and then filtered. The total phos- 
phorus in a sample of the filtrate was determined. Fig. 2 records the re- 
sults of a typical experiment. 

In order to test the validity of phosphorus estimations on the trichloro- 
acetic acid filtrate as a measure of hydrolysis, the absorption of ultraviolet 
light at 2600 A by the filtrate was measured and compared with the ab- 
sorption of the digest. Phosphorus determinations on thé same filtrates 
and digest showed that the same values for percentage hydrolysis were ob- 
tained from both phosphorus analyses and absorption at 2600 A. In the 
course of this work it was found that the optical density of the digest, 
measured at 2600 A, increased as hydrolysis proceeded. Fig. 3 illustrates 
this finding. 

It was also found in these experiments that a precipitate always appeared 
when thymonucleate samples from a number of different batches were 
hydrolyzed with desoxyribonuclease. The amount of this precipitate was 
small, but it varied from batch to batch. The precipitate contained phos- 
phate, gave positive protein tests, and was considered to be either an im- 
purity or some hitherto unknown structural unit of the sodium thymonu- 
cleate. 

Preparation of Magnesium Oligonucleotide. (a) From Sodium Thymo- 
nucleate—A solution of 10 gm. of sodium thymonucleate (Hammarsten) in 
500 ml. of water was made 0.003 m with respect to magnesium sulfate. No 
buffer was used, since preliminary experiments had shown that none was 
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necessary. To the above solution 61 mg. of the dry, lyophilized desoxy- 
ribonuclease were added; on stirring, the enzyme soon dissolved. On in- 
cubation of the digest at 30° there was an immediate loss of viscosity, and 
after 3 to 4 hours a white flocculent precipitate settled to the bot- 
tom. After 6 to 8 hours it was found that in the clear supernatant solu- 
tion all the phosphorus was soluble in 10 per cent trichloroacetic acid and 
the reaction was therefore deemed to be complete. 
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Fig. 2. The release of acid-soluble phosphorus from sodium thymonucleate (0.5 
per cent solution) with desoxyribonuclease. Stock solutions of enzyme diluted 1:10 
(Curve A), 1:100 (Curve B), and 1:500 (Curve C). 


The precipitate was removed from the digest by centrifuging and the 
supernatant solution, after decanting, was emulsified in a Waring blendor 
with an equal volume of chloroform containing 10 per cent of octyl alcohol. 
The clear chloroform phase was removed from the mixture in a separatory 
funnel and the denatured protein and residual chloroform were removed 
from the aqueous phase by centrifuging and siphoning the supernatant. 
This emulsification procedure was repeated with the aqueous solution until 
no more denatured protein separated at the chloroform-water interface 
(usually three or four times). 

The method of obtaining magnesium oligonucleotide from the depro- 
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teinized digest was based on the procedure of Fischer and Lehmann-Echter- 
nacht (4). 7 gm. of magnesium acetate (tetrahydrate) were added to the 
solution which was then distilled in vacuo, at a bath temperature of 40°, 
until about 50 ml. of a clear syrupy solution remained. The syrupy residue 
in the distilling flask was poured into 3 volumes of cold ethanol saturated 
with magnesium acetate. The white flocculent precipitate which separated 
was collected in a Biichner funnel with suction, washed four times with 
cold ethanol saturated with magnesium acetate, once with cold ethanol, 
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Fig. 3. The absorption spectra of a sodium thymonucleate-desoxyribonuclease 
digest after different periods of enzyme action. 


and finally with ethyl ether. After drying in vacuo over calcium chloride, 
a fine white powder was obtained. Yield, 8.9 gm. 

This procedure has been used to convert an 86 gm. sample of sodium 
thymonucleate to magnesium oligonucleotide; 0.42 gm. of lyophilized 
enzyme was used and the yield was 85 gm. 

(b) From Thymonucleoprotein—Fischer and Lehmann-Echternacht (4) 
described the preparation of oligonucleotide from tissues by means of a pan- 
creatic enzyme. This indicated that it would be possible to prepare oligo- 
nucleotides from thymonucleoprotein, a procedure which would require 
much less labor than that involved in starting with thymonucleate. When 
the method (a) above was applied to thymonucleoprotein, a very heavy 
precipitate separated during the course of the digestion which contained 
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30 to 50 per cent of the total phosphate of the digest. It was found that 
the oligonucleotide isolated from such digests gave analytical values (see 
Table I) which indicated an impure product. For this reason no further 


- attempt was made to use the hydrolysis of thymonucleoprotein in prepara- 


tive work. 

Preparation of Sodium Oligonucleottide—The hydrolysis of 9.3 gm. of 
sodium thymonucleate in 500 ml. of solution with 61 mg. of lyophilized 
enzyme was carried out as described above; digestion was complete in 13 
hours. After deproteinization and concentration of the digest to 50 ml., 
10 gm. of sodium chloride were added to the solution, which was then 
poured into 200 ml. of cold ethanol; a sticky precipitate formed at once. 
The supernatant liquid was decanted and the residue was washed with 95 
per cent ethanol and then with absolute ethanol, in which it became hard 
and granular. The oligonucleotide was broken up with a stirring rod, trans- 
ferred to a Biichner filter with absolute ethanol, and washed with 95 per 
cent and absolute ethanol and finally with ethyl ether. After drying in 
vacuo over calcium chloride the substance weighed 5.6 gm. and had P 7.22 
per cent and Mg 0.25 per cent. This sample was used for titration studies. 
A further yield of 3.4 gm. was obtained from the combined supernatants 
and washings. 

Manganese oligonucleotide was prepared from sodium thymonucleate in 
exactly the same manner as the magnesium salt except that manganese 
acetate was used in place of the magnesium acetate. The resulting dry 
manganese oligonucleotide was insoluble in water but soluble in strongly 
acidic solutions. | 

The results of analyses carried out on these oligonucleotide preparations 
are presented in Table I along with similar values for the sodium thymo- 
nucleate from which most of the oligonucleotide samples were obtained. 

Electrometric titrations were carried out on sodium thymonucleate and 
sodium oligonucleotide; the results are shown in Fig. 4. 

The titration curve for sodium thymonucleate is similar to that obtained 
by Gulland, Jordan, and Taylor (14) for the same material and confirms 
their conclusion that the highly polymerized material has a negligible 
amount of free secondary phosphoryl] groups. 

The titration curve for the sodium oligonucleotide shows the following 
points of interest. (1) From pH 2 to 6, it is practically identical with that 
for sodium thymonucleate. According to Gulland et al. (14) this is the 
region where the amino groups are titrating and therefore there must be 
the same relative amounts of free amino groups in the thymonucleate and 
in the oligonucleotide. (2) From pH 6 to 8.5, 1 more equivalent of al- 
kali is bound by the oligonucleotide than by the thymonucleate for each 4 
atoms of phosphorus. This new group has pK 7.2 and it is thought that 
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TABLE I 


Analytical Findings for Oligonucleotides and Sodium Thymonucleate 
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Material N P N:P 
per cent per cent 
Na thymonucleate.................... 12.3 7.40 1.66 | 0.251 | 0.152 
Mg oligonucleotide, Sample Af........| 11.8 7.09 1.66 | 0.295 | 0.177 
12.0 7.40 1.62 | 0.293 | 0.181 
10.7 6.12 1.75 | 0.272 | 0.157 


* The extinction coefficient (of a 0.005 per cent solution) measured at 2600 A 
divided by the concentration of phosphorus or nitrogen in micrograms per ml. 
¢ Samples A and B were prepared from sodium thymonucleate, Sample C from 


thymonucleoprotein. 
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Fig. 4. Titration curves for sodium thymonucleate (©) and sodium oligonucleo- 


tide (@). 


it is a secondary phosphoryl dissociation in spite of the fact that Gulland 
et al. (14) found pK 6.5 for a similar group in barium thymate, and Levene 
and Simms (15) record pK values of about 6.0 for the secondary phos- 


phoryl groups of the mononucleotides from yeast ribonucleic acid. 


(3) 
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From pH 8.5 to 11, 1.3 more equivalents of alkali per 4 atoms of phosphorus 
are used by the oligonucleotide than by the thymonucleate. The work of 
Hildebrand and Harned (16) indicates that magnesium hydroxide has a 
pK value of about 10; hence 0.3 to 0.4 of these extra equivalents may be 
due to the titration of the residual magnesium in the sodium oligonucleo- 
tide. (It may be recalled that the analysis of the sodium oligonucleotide 
showed that it contained 0.35 atom of magnesium per 4 atoms of phos- 
phorus.) This leaves 1 extra equivalent, about pK 10, to be explained; the 
only suggestion that the authors can make is that it may be an enolic 
hydroxyl group on one of the bases. Levene, Bass, and Simms (17) report 
pk 9.94 for the enolic hydroxyl at C. of thymine and 9.36 for the same 
group of guanine. 


DISCUSSION 


The chief interest of the experiments just described lies in the results of 
the electrometric titration of oligonucleotide. The appearance of one 
secondary phosphoryl group per 4 atoms of phosphorus after hydrolysis of 
sodium thymonucleate by desoxyribonuclease shows that the oligonucleo- 
tide produced is an average tetranucleotide. Fischer et al. (1) had arrived 
at the same conclusion by titrating a sodium thymonucleate-desoxyribo- 
nuclease digest to the phenolphthalein end-point with soda. 

The most perplexing question which arises from this or any other study 
of desoxyribonuclease action is, if the highly polymerized thymonucleate 
is a uniform linear polynucleotide, as suggested by Gulland (18), why does 
desoxyribonuclease degrade it to tetranucleotides and no further? An an- 
swer may be found in the possible presence of a new free enolic hydroxy] 
group in the oligonucleotide. If this possibility can be verified, it means 
that the linkage between every fourth and fifth nucleotide is not by a phos- 
phate ester of a sugar, but by a phosphate ester with the hydroxyl group 
of one of the nitrogenous bases. It is possible that the desoxyribonuclease 
is specific for this linkage. 


SUMMARY 


A method for the preparation of oligonucleotides from mighty polymerized 
sodium thymonucleate has been described. 

Electrometric titration of the oligonucleotide has shown that it is an aver- 
age tetranucleotide and has given rise to some speculation about the speci- 
ficity of desoxyribonuclease. 


This investigation received financial assistance from the National Re- 
search Council of Canada. 
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THE ENZYMATIC DEGRADATION OF THYMONUCLEIC 
ACID* 


II. THE HYDROLYSIS OF OLIGONUCLEOTIDES 


By R. O. HURST, J. A. LITTLE,+ anp G. C. BUTLER 
(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, September 28, 1950) 


This report is concerned with the action of phosphatases on the oligo- 
nucleotide from sodium thymonucleate and the isolation of the resulting 
mononucleotides. Oligonucleotide was chosen as the substrate for the 
following reasons. Fischer, Lehmann-Echternacht, and Boettger (1) 
showed that the crude phosphatase from calf duodenal mucosa would not 
dephosphorylate highly polymerized thymonucleic acid, and we have veri- 
fied this finding. Klein (2, 3) obtained a rapid hydrolysis of Feulgen’s 
6-nucleic acid with this phosphatase preparation; it may be recalled that 
this B-nucleic acid is subjected to the action of hot alkali and pancreatin 
during its preparation and has a molecular weight corresponding to that of 
a tetranucleotide (4). The work of Zittle (5) also suggested that oligo- 
nucleotide would be a proper substrate for intestinal phosphatase. 

A serious difficulty encountered in the enzymatic conversion of oligo- 
nucleotides to mononucleotides is that most phosphatase preparations ex- 
hibit, as well as the phosphodiesterase action, a phosphomonoesterase 
activity which hydrolyzes the mononucleotides to nucleosides and inor- 
ganic phosphate. Klein and Thannhauser were able to solve this diffi- 
culty by preferentially inhibiting the phosphomonoesterase action with 
arsenate ions. The use of this procedure enabled them to isolate small 
amounts of nucleotides from the hydrolysate of Feulgen’s 8-nucleic acid 
(6-9). 

We first reexamined Klein’s procedure, using oligonucleotide as sub- 
strate. In order to find conditions which would give a maximum yield of 
mononucleotides it was necessary to devise a method that permitted es- 
timation of nucleotide throughout the digestion. It was found possible 
to do this by determining the amount of ester phosphorus soluble in the 
uranyl acetate-trichloroacetic acid reagent of MacFadyen (10), in which 
the oligonucleotide is insoluble but the mononucleotides are soluble. It 
was difficult to obtain good results with the duodenal phosphatase until 
it was found that the results were markedly dependent on the pH of the 

* Presented in part at the thirty-third annual conference of the Canadian Institute 


of Chemistry, June, 1950. 
t Medical Research Fellow, National Research Council of Canada. 
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digest and that reasonable concentrations of veronal-carbonate buffer 
could not hold the pH constant under the conditions of our experiments. 

We then searched for a relatively pure source of phosphodiesterase, 
Some attempts were made to fractionate Klein’s duodenal phosphatase and 
remove the phosphomonoesterase, but these met with no success and were 
soon abandoned. Other phosphatase preparations were then examined; 
the best of these proved to be Russell’s viper venom which Gulland and 
Jackson (11, 12) found to display a negligible phosphomonoesterase ac- 
tivity at pH 8.6. Accordingly, this enzyme was used in the preparative 
work and the products of its action were separated by fractional elution 
from a column of anion exchange resin according to the method described 
by Cohn (13). 


Materials and Methods 


Magnestum Thymonucleate—2 gm. of sodium thymonucleate, prepared 
by the method of Hammarsten (14), were dissolved in 200 ml. of water 
together with 1.2 gm. of magnesium acetate (tetrahydrate) and precipi- 
tated with 400 ml. of ethanol. The precipitate was washed successively 
with 70 per cent, 95 per cent, and absolute ethanol and ethyl ether and 
dried in air. The dried material was redissolved in 200 ml. of water along 
with 1.2 gm. of magnesium acetate and the precipitation, washing, and 
drying repeated as before. 

Magnesium oligonucleotide was that described by Little and Butler (15). 

Duodenal Phosphatase—3 liters of glycerol extract were prepared from 
the mucosa of twenty calf duodena exactly as described by Klein (16). 
This extract was partially purified by the method of Klein (16), with the 
modification suggested by Brady (17). The final solution of enzyme at 
pH 9.25 was made 1:5000 with respect to merthiolate and stored at 5°. 
Under these conditions, the solution retained its enzymatic activity for at 
least 3 months. 

Feces Phosphatase—A sample of the original preparation of phosphatase 
from dog feces (18) was kindly supplied as a dry powder by Dr. A. R. Arm- 
strong. 

Kidney Phosphatase—Two rats were killed; the kidneys were removed 
immediately, thoroughly dispersed in a 5-fold amount of water, and stored 
at 5° for 3 days. The suspension was brought to pH 9.0 with dilute am- 
monia and centrifuged; the supernatant solution was then decanted and 
used as the enzyme solution. 

Rattlesnake Venom—A dried preparation of the venom from the rattle- 
snake Crotalus adamanteus was obtained from Ross Allen’s Reptile In- 
stitute, Silver Springs, Florida. 

Russell’s Viper Venom—Two preparations of this venom were used. One. 
was a dried preparation marketed as “stypven” by Burroughs Wellcome 
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ffer | and Company; the other was lyophilized venom obtained from the Haff- 
nts. | kine Institute, Bombay, India. 

ase, Procedure for Estimating Phosphatase Action—In all cases digests were 
and prepared by dissolving 250 mg. of magnesium oligonucleotide in 25 ml. of 
ere | water and adjusting the pH to the desired value by the addition of 0.1 N 
ed; | sodium hydroxide solution. The beaker containing the solution was placed 
and | in a water bath at 37°, the enzyme added, and the volume of the digest 
ac- — adjusted to 30 ml. 


‘ive Buffers were not used for controlling pH, since they were found to be 
10n inefficient in the alkaline digests and since it was feared that they might 
bed | interfere with the subsequent isolation of the nucleotides. Instead, the 


external electrodes of a Beckman, Model G, pH meter were immersed in 
the digest and 0.1 N sodium hydroxide solution was added as required. | 
By this means the pH was held constant within 0.1 pH unit. When some 
red other substance was present in the digest, to act as an inhibitor of the phos- 
ter phomonoesterase, this material was present in the same concentration in 
IpI- the 0.1 N sodium hydroxide. 


ely At timed intervals after the addition of enzyme, 2 ml. samples of the 
und digest were removed and added to 2 ml. of 1.56 per cent uranyl acetate 
ng in 10 per cent trichloroacetic acid. The mixture was stirred; after 10 


ind minutes it was centrifuged and the supernatant solution filtered through 
Whatman No. 5 paper. 2 ml. of the filtrate were diluted to 10 ml. with 


5). water and inorganic and total phosphorus determined in 2 ml. samples of 
om this solution by the method of King (19). The total phosphorus soluble 
6). in the uranium reagent is a measure of phosphodiesterase action, while the 
the inorganic phosphorus in this fraction is a measure of the extent of the 
at phosphomonoesterase action. 

5°. Because the volume of the digest varied slightly, owing to evaporation 


at and the addition of the 0.1 N sodium hydroxide, the concentration of total 
phosphorus in the digest was determined simultaneously with the “uranium- 
ASE soluble phosphorus.” 


m- It was difficult to determine the phosphate accurately in digests which 

contained arsenate, but after some investigation it was found that advan- 
ed tage could be taken of the relatively slower reduction of the arsenomolyb- 
ved date. Accordingly, the reducing solution was added to the samples im- 
m- mediately after the ammonium molybdate solution and exactly 10 minutes 
nd later the intensity of the blue color was measured in the spectrophotometer. 


For each series of determinations a standard curve was constructed by 
using phosphate solutions containing the same concentration of arsenate 
- as the unknown solution, and by the same procedure. By the careful ap- 
plication of this method excellent recoveries were obtained with known 
solutions of phosphate containing arsenate. 

me Chromatography—In our experience anion exchange resins have proved 


XUM 


708 DEGRADATION OF THYMONUCLEIC ACID. II 


superior to the cationic type in separating nucleotides. An anion exchange 
resin in the hydroxyl, the chloride, and the acetate forms has been used, 
but the acetate form of the resin has given much the best results. 

20 gm. of Dowex-1 anion exchange resin (250 to 500 mesh) were placed 
in a beaker and washed three times by suspension in water and decanta- 
tion to remove the finest particles. The resin was then washed by de- 
cantation successively with 1 N ammonium hydroxide, water, 1 N acetic 
acid, and water. This washing procedure was carried out three times, 
after which the resin was suspended in water and poured into a column 
with a cross-section of 1.13 sq. cm. After allowing the resin to settle in 
the column, 1 N acetic acid was percolated through the column until the 
titratable acidity of the effluent solution was the same as that of the in- 
fluent. Water was then percolated through until the titratable acidity of 
the effluent solution was negligible, followed by 1 N ammonium hydroxide 
until the titratable alkalinity of the effluent solution was equal to that of 
the influent. The column was again washed with water and 1 N acetic 
acid as before and, after a final washing and back-washing with CO,-free 
water, it was ready for use. 

The enzymatic digest of magnesium oligonucleotide was brought to pH 
4.5 and poured onto the column. After this solution had disappeared into 
the column, washing was begun at a rate of 0.8 ml. per minute. During 
the washing and elution the effluent solution was divided into 20 ml. sam- 
ples by an automatic fraction collector and the optical density at 2600 A 
of each fraction was measured with a Beckman, model DU, spectropho- 
tometer. 

At first, water was passed through the column until all the nucleoside 
had been removed, after which elution was carried out with the amounts 
of different solutions indicated in Fig. 3. 

Isolation of Mononucleotides—The samples of eluate were combined into 
four separate solutions, each of which contained one of the four nucleotide 
fractions. The crude nucleotide barium salt was isolated from each frac- 
tion as follows: After concentration to a small volume in vacuo with a bath 
temperature of 40-50°, the solution was made alkaline to phenolphthalein 
by the addition of saturated barium hydroxide solution. An additional 
amount of barium hydroxide solution containing 1 atom of barium for each 
atom of phosphorus was added to the solution of nucleotide. Any pre- 
cipitate which formed was removed by centrifuging and the supernatant 
solution was poured into 2 volumes of alcohol. After storing the mixture 
at 5° overnight, the clear supernatant solution was decanted. The white 
flocculent precipitate was collected by centrifuging, washed by centrifuging 
with 70 per cent alcohol and absolute alcohol in turn, and finally dried in 
vacuo over calcium chloride and sodium hydroxide. 
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Results 


Action of Duodenal Phosphatase on Magnesium Thymonucleate—6 ml. of 
a 0.5 per cent solution of magnesium thymonucleate at pH 9.3 were treated 
with 2 ml. of duodenal phosphatase solution (equivalent to 5 ml. of the 
glycerol extract) at 37°. In this digest the total phosphorus soluble in 10 
per cent trichloroacetic acid increased from 2.4 per cent at zero time to 
3.6 per cent at 2 hours. The hydrolysis was therefore negligible. 

Hydrolysis of Magnesium Oligonucleotide with Duodenal Phosphatase— 
The actions of the duodenal phosphatase from 12.5 ml. of the glycerol ex- 
tract at pH 9.25, with no inhibitor added and in the presence of 0.001 M 
sodium arsenate, are illustrated in Fig. 1. It can be seen that the phos- 
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[Fia.1. The effect of arsenate on the hydrolysis of magnesium oligonucleotide by 
duodenal mucosal extract. ©O, total phosphorus soluble in the uranium reagent 
(diesterase action); @, inorganic phosphorus soluble in the uranium reagent (mono- 
esterase action). 


phomonoesterase is inhibited more strongly by the arsenate than is the 
phosphodiesterase. 

“The action of the duodenal sities from 12.5 ml. of glycerol ex- 
tract, in the presence of 0.001 mM sodium arsenate, was determined at various 
pH values. The results of a 2 hour digestion are presented in Fig. 2. The 
yield of mononucleotides shows a marked optimum when the pH of the 
digest is about 9.25. 

An attempt was made to determine the optimum concentration of so- 
dium arsenate, and the results obtained may be seen in Table I. On the 
basis of the three experiments summarized there, 0.002 m sodium arsenate 
should give the maximum yield of mononucleotides. 

Since some phosphatases may be inhibited by sodium citrate or sodium 
fluoride, the effects of these substances on the duodenal phosphatase were 
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tested. Klemperer, Miller, and Hill (20) have demonstrated an inhibition 
of alkaline phosphatase by beryllium salts. We investigated the effect of 
beryllium sulfate in our digests. It can be seen from Table I that citrate, 
fluoride, and beryllium did not increase the yield of mononucleotides sig- 
nificantly. 

Hydrolysis of Magnestum Oligonucleotide By Other Phosphatases. Dog 
Feces Phosphatase—55 mg. of this enzyme at pH 9.8 produced a very rapid 
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Fic. 2. The effect of pH on the hydrolysis of magnesium oligonucleotide by duo- 
denal mucosal extract for 2 hours in the presence of 0.001 m arsenate. O, total 
phosphorus soluble in the uranium reagent; @, inorganic phosphorus soluble in the 
uranium reagent; M, ‘‘mononucleotide’’ phosphorus (total less inorganic). 


hydrolysis. In 3 minutes 25 per cent of the total phosphorus became solu- 
ble in the uranium reagent and 76 per cent of this was inorganic. The 
enzyme quickly became inactive, however, and by 30 minutes all hydrol- 
ysis had ceased. 

Kidney Phosphatase—8 ml. of kidney extract were used and the results 
are presented in Table I. 

Rattlesnake Venom—2 mg. of dried venom were used as enzyme. Neither 
sodium arsenate nor beryllium sulfate inhibited the phosphomonoesterase 
of rattlesnake venom (Table I). 
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Russell’s Viper Venom—The two different preparations of this venom 
that we used (“‘stypven” and the lyophilized material) gave quite different 
results. It can be seen from Table I that the phosphomonoesterase ac- 
tivity of the “‘stypven” was negligible, especially at pH 8.6, while the lyo- 
philized venom had a marked monoesterase action. It was found possi- 


TABLE I[ 


Hydrolysis of Magnesium Oligonucleotide by Various Phosphatase Preparations, 
and Effects of Some Inhibitors 


Uranium-soluble 
P after 4 hrs., 
Enzyme Inhibitor pH cent of total 

poor. | Total 

Mucosal extract, boiled................... 9.3 1.0 | 16.4 

Batch A, 10 ml.......... 9.3 | 64.7 97.7 

0.001 m AsO, 9.3 19.7 | 93.6 

9.3} 78.5 | 97.5 

" 0.004 m NaF 9.3 | 57.2 | 90.2 

" 0.065 9.3] 49.5 | 93.1 

0.001 ‘‘ citrate | 9.3} 66.5 | 101.0 

0.002 AsO, 8.6] 6.8 | 52.0 

Rat kidney extract, 8ml.................. 9.1} 55.0 | 79.0 

Rattlesnake venom, 2 mg.................. 9.4) 59.8 | 77.5 

0.002 m AsO, 9.4) 65.7 | 89.8 

0.001 ‘* Be 9.4] 54.8 | 89.3 
Russell’s viper venom 

Lyophilized, 1 mg.................... ae 8.3 | 55.2 | 80.9 

- filtered (Seitz), 4 mg....... 8.3 5.5 96.6 


* The difference between the total and inorganic ‘‘uranium-soluble’”’ phosphorus 
is taken to represent the percentage yield of the mononucleotides. 


ble, however, to remove this monoesterase action selectively by passing the 
reconstituted venom through a Seitz filter. A complete account of this 
procedure will be published subsequently. 

Chromatography—The assumption that, in our enzyme digests, all of the 
esterified phosphate soluble in the uranium reagent exists in the form of 
mononucleotides is not completely justified. It is known that mononu- 
cleotides are soluble in the reagent (10, 21), while the oligonucleotide is 
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not, but nothing is known about the corresponding solubilities of di- and 
trinucleotides. This difficulty could be resolved if four different mononu- 
cleotides could be isolated in good yield from an enzymatic digest of the 
magnesium oligonucleotide. 

Magnesium oligonucleotide (250 mg.) was accordingly digested with 
stypven (1.0 mg.) at pH 8.6 for 6 hours, after which time 95 per cent of the 
phosphorus had become soluble in the uranium reagent and only 5 per cent 
of the total phosphorus was inorganic phosphate. This digest was then 
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VOLUME oF ELUATE (L) 
Fig. 3. Chromatogram of a mixture obtained from magnesium oligonucleotide on 
hydrolysis with stypven. 


chromatographed in the manner described under “Materials and methods” 
and the chromatogram shown in Fig. 3 was obtained. The first small frac- 
tion which was washed through with water is assumed to represent the 
nucleosides liberated by phosphomonoesterase action. In a number of 
such chromatograms only four main fractions have been obtained and all 
the chromatograms have been similar. These four fractions are assumed 
to be the expected four mononucleotides, but a final conclusion must await 
further chemical studies. 

Isolation and Analysis of Fractions—Magnesium oligonucleotide (2.5 gm.) 
was treated with Russell’s viper venom (from 40 mg. of dry material which 
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had been dissolved in water and passed through a Seitz filter) in a volume 
of 300 ml. at pH 8.3 for 3.5 hours, at which time 91 per cent of the total 
phosphorus was present as “nucleotides.” The resulting mixture was chro- 
matographed on 200 gm. of Dowex-1 in the acetate form and a chromato- 
gram similar to Fig. 3 was obtained. 
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WAVELENGTH IN ANGSTROMS 
Fig. 4. Absorption spectra of fractions obtained from the experiment illustrated 
in Fig. 3. @, Fraction I; @, Fraction II; O, Fraction III; ©, Fraction IV. 


A Feulgen test carried out on each of the four main fractions was posi- 
tive only with Fractions II and IV; these are presumably, therefore, purine 
nucleotides, while Fractions I and III are pyrimidine nucleotides. The 
crude barium salts isolated from Fractions I and III were analyzed for 
nitrogen and phosphorus and were found to have N:P ratios of 3.2 and 2.1 
respectively. Therefore, Fraction I probably contains the nucleotide of 
cytosine and Fraction III that of thymine. An ultraviolet absorption 
spectrum was obtained for each of the four fractions; these spectra are 
shown in Fig. 4, The spectrum of Fraction II resembles that of adenosine 
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(22), while the absorption curve of Fraction IV is similar to that of gua- 
nosine (23). 

Thus, the four fractions may be tentatively identified as the nucleotides 
of the following bases: Fraction I, cytosine; Fraction II, adenine; Frac- 
tion III, thymine; and Fraction IV, guanine. Our chromatograms seem 
therefore to be similar to those obtained by Cohn (13) with the nucleotides 
from yeast ribonucleic acid. 


DISCUSSION 


It is difficult to understand why the phosphatases that have been studied 
in this work hydrolyze magnesium oligonucleotide but are without action 
on magnesium thymonucleate. An explanation might involve the hy- 
pothesis presented by Little and Butler (15) that the linkages between oli- 


gonucleotide units are different from those between the mononucleotides 
within the oligonucleotide. 


SUMMARY 


The phosphatases contained in calf duodenal mucosa, dog feces, rat kid- 
ney, rattlesnake venom, and Russell’s viper venom have been investigated 
with respect to their action on magnesium oligonucleotide. The last source 
has been found to yield conveniently a relatively pure phosphodiesterase. 
When this enzyme preparation acts on magnesium oligonucleotide and the 
resulting mixture is chromatographed on an anion exchange resin, four 
main fractions are obtained which are assumed to be mononucleotides. 


This work was supported in part by grants from the National Research 
Council of Canada. 


Thanks are due to Dr. A. J. Cipriani who designed and assisted in the 
construction of the automatic sample changer. 
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INCORPORATION OF S** FROM pt-CYSTINE INTO 
GLUTATHIONE AND PROTEIN IN THE RAT* 


By ETHEL I. ANDERSON anp WILLIAM A. MOSHER 


(From the Biochemical Research Foundation and the University of Delaware, 
Newark, Delaware) 


(Received for publication, September 29, 1950) 


Labeled component amino acids of glutathione (GSH) have been utilized 
to study the metabolism of this tripeptide. A rapid incorporation of the 
N™ from labeled glycine and glutamic acid into the GSH of livers and 
small intestines of intact animals was demonstrated by Waelsch and Rit- 
tenberg (1, 2). N'- and C-labeled glycine were subsequently used by 
Bloch and coworkers (3-5) to investigate the mechanism of GSH forma- 
tion by various liver preparations. 

Since cysteine occupies the central amino acid position in the GSH 
molecule and possesses the biologically important sulfhydryl group of 
GSH, it was considered desirable to study GSH metabolism by means of 
this amino acid. In the present investigation, pL-cystine labeled with 
S*5 was administered to rats and the GSH isolated from various tissues 
was assayed for radiosulfur content. The uptake of cystine sulfur by 
tissue proteins was also studied. 


EXPERIMENTAL 
Administration of Labeled Cystine to Rats 


Analytically pure pL-cystine containing S*5 was prepared according to 
the method of Wood and du Vigneaud (6). Immediately before use in 
each experiment, a weighed quantity of the labeled cystine was dissolved 
in the minimum amount of N HCI and the resulting solution was diluted 
with distilled water to a predetermined volume. A 2 ml. aliquot of the 
solution was given by stomach intubation to male albino rats which had 
been fasted overnight (except in Experiment 3). Data pertaining to the 
radioactivity of the cystine and its administration are given in Table I. 
The animals were allowed to ingest water but no food during the assimila- 
tion period. They were then killed by decapitation. 


* The results presented in this paper were a part of the dissertation presented 
by Ethel I. Anderson to the Chemistry Department of the University of Delaware 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy, 
June, 1950. 
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Isolation of GSH from Blood and Tissues 


Blood and corresponding tissues from the rats in each group were pooled 
in an amount of 10 per cent trichloroacetic acid (TCA) about equal in 
weight to that of the combined blood or tissue. The blood was drained 
directly from the decapitated animals into the TCA. The small intestines 
were immediately removed, flushed with water, slit longitudinally, and 
immersed in the TCA. The other organs were removed as quickly as 
possible and immersed in the TCA. 

The intestines under TCA in a centrifuge tube were well beaten with a 
spatula, and the mucosa sloughed off from the muscular intestinal wall 
which was discarded, leaving a fine suspension of the mucosa. The other 
tissues were mashed to a fine pulp in a mortar in the presence of the TCA. 
After centrifuging the tissue suspensions and decanting the supernatant 


TABLE I 
Data on Administration of Labeled Cystine to Rats 
Average weight of rats Labeled To tal 
xperiment cystine radioactivity ssimilation 

No. ad ed 
gm. gm. . mg. C.p.m. hrs. 
1 3 183 163 57 6.27 * 108 3 
2 4 145 130 36 7.74 X 108 4 
3 3 198* 183 71 3.77 X 108 18 


* Weight of rats before administration of labeled cystine. 


extracts, the tissues were extracted twice again, each time with half the 
original amount of TCA. 

From the combined acid extracts from each tissue, GSH was isolated 
as the cadmium salt and purified by reprecipitation as the cuprous mer- 
captide, as described by Waelsch and Rittenberg (1). The mercaptide 
preparations were thoroughly digested with 0.5 nN H.SO, to remove any 
possible cuprous mercaptide of cysteine. After washing consecutively with 
distilled water, absolute ethanol, and ether, the white mercaptides were 
desiccated’ in vacuo over Drierite and KOH. 


Treatment of Tissue Proteins 


The tissue residues from the TCA extracts were washed five more times 
with 4 to 5 times their bulk of 10 per cent TCA, twice with hot 50 per cent 


1 In Experiment 2 the mercaptide samples from mucosa, blood, spleen, and kid- 
ney were stored in the ice box while still slightly moist with ethanol. Within a few 
days they had deliquesced or discolored. Because of the small amounts of material 
available, attempts to recover GSH were unsuccessful. 
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ethanol, and three times with ethanol ether (3:1). The proteins were 
air-dried and then ground to fine powders. 


Preparation of Samples for Radiosulfur Assay 


Solutions of free GSH containing 1 to 2 mg. per ml. were prepared by 
H.S treatment of suspensions of the copper mercaptides in either 2 per 
cent sulfosalicylic acid or oxygen-free distilled water. Determination of 
their GSH content was made iodometrically (7) as well as by the glyoxalase 
method (8). The GSH concentrations found by the two analytical pro- 
cedures showed excellent agreement, which proved that no free cysteine 
was present in the GSH solutions. 

At least two and frequently more samples containing different amounts 
of GSH were prepared from each GSH solution. Measured volumes were 
pipetted into aluminum counting pans and the samples were evaporated to 
dryness either by infra-red heat or in a desiccator containing KOH pellets. 
The radioactivity found for duplicate samples dried by both methods 
agreed within the statistical limits of counter error. 

Preparations? of BaSO, from the labeled cystine and from protein 
preparations were spread with ethanol or water on tared counting pans and 
dried to constant weight under an infra-red lamp. 


Determination of Radioactivity 


All radioactivity measurements were made in a “‘Q-gas’”’ counter. Since 
all samples contained less than 0.2 mg. of material per sq. cm., self-absorp- 
tion was considered negligible and no corrections were made for this 
factor. At least 10,000 counts were obtained for each sample and after 
corrections for counter resolving time, radioactive decay, and background 
count, similar samples agreed within 5 per cent. The radioactivity has 
been calculated as the standard specific activity (10). The results are 
recorded in Table II. 


DISCUSSION 


Uptake of S* from labeled cystine was found to proceed much more 
rapidly in GSH than in the corresponding tissue protein. This result 
provides additional evidence for the high metabolic activity of GSH ob- 
served by Waelsch and Rittenberg (1). 

Maximum incorporation of cystine sulfur into liver GSH may be esti- 
mated to take place in the rat in less than 3 hours (Table 11). This value 
is in excellent agreement with the half lifetime for liver GSH calculated 
by Waelsch and Rittenberg (2) from N*® incorporation. 


2 BaSQO, was prepared (9) by the Microchemical Department of the Biochemical 
Research Foundation. 
3? Model D-46 from the Nuclear Instrument and Chemical Corporation, Chicago. 
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After a 3 hour assimilation period (Experiment 1) GSH from the liver 
showed the highest level of S*® activity. The activities of GSH from 
intestinal mucosa and blood were 37 and 88 per cent less, respectively, 
than the activity of liver GSH. After an 18 hour assimilation period 
(Experiment 3), the activity of intestinal mucosa GSH exceeded that of 
liver GSH. 

The only previously established site of GSH synthesis is the liver. The 
results of the present study, however, indicate that intestinal mucosa also 
may be a site of GSH formation. If GSH formed in the liver were trans- 
ported by the blood to the intestinal mucosa, a higher S®* activity in 
blood GSH should have been observable in Experiment 1. It had been 
previously established (11, 12), moreover, that the GSH of the blood is 


TABLE II 
Uptake of S*5 by GSH and Protein of Rat Tissues after Administration of Labeled 
Cystine 
Expressed as standard specific activity. 
E i 1 E i E i 3 
Tissue 
GSH GSH GSH 
GSH | Protein a GSH | Protein Protein GSH | Protein Protein 

SERCO ere 5.70 | 0.19 | 30.0 | 4.62 | 0.30 | 15.4 | 1.27 | 0.19 | 6.7 
ee ae 3.59 | 0.46 | 7.8 0.65 2.21 | 0.63 | 3.5 

0.67 | 0.15 | 4.5 0.17 0.26 

0.13 0.18 0.24 
0.21 1.45 | 0.32 | 4.5 

0.35 


confined largely to the red blood corpuscles and little, if any, is found in 
the serum. If the intestinal mucosa were a storage place for GSH de- 
posited by circulating blood, then a rapid diffusion of GSH from the red 
blood cells would have been necessary for the high activity of the mucosa 
GSH. The ability of GSH to diffuse from red blood cells, however, has 
not been demonstrated. 

The detection of S*® in GSH offers no direct proof that the cysteine 
moiety in the GSH contained the intact carbon chain of the ingested 
cystine. Since it has been demonstrated (13) that desulfuration of cysteine 
does take place in rat liver with the formation of hydrogen sulfide, the 
possibility that sulfur exchange took place between the ingested cystine 
(or sulfide produced from cysteine by cysteine desulfhydrase) and the 
GSH present in tissues cannot be excluded. 

A comparison of the standard specific activities of the proteins after 
cystine administration (Table II) with the data obtained by Tarver and 
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Morse (10) and Friedberg et al. (14) for methionine distribution reveals 
a striking difference in the degree of sulfur uptake from these two amino 
acids. ‘The values for the uptake of activity are 80 to 90 per cent lower 
than those found from the methionine distribution curve reported by 
Friedberg and coworkers. ‘This result was unexpected in view of the 
rapid and extensive uptake of S® from labeled pi-cystine found by Mel- 
chior and Tarver (15) with liver slices and homogenates. The incorpora- 
tion of activity, however, was shown (15) to have been due to linkages 
other than peptide bonds. In the present study in which intact animals 
were used, it remains questionable whether or not peptide bond formation 
was represented by the detection of S* activity in the proteins. 

The large doses of cystine administered may have been a contributory 
factor in the small uptake of labeled sulfur by the proteins. In Exper- 
iment 2, however, the doses were of the same magnitude as the doses of 
methionine used by Friedberg et al. and still the phenomenon of decreased 
sulfur activity was observed. Since cystine (16) and methionine (17) 
have been shown to be absorbed from the gastrointestinal tract of rats 
at nearly equal rates, the small extent of S** uptake from cystine is probably 
not attributable to a delayed absorption of ingested cystine. It is possible 
that the uptake of L-cystine (or its reduced form probably present after 
cystine assimilation) was inhibited by the p isomer present in the racemic 
mixture administered. 

The pattern of cystine sulfur distribution parallels, in general, that 
found (14) for methionine sulfur. The activity 18 hours after cystine 
administration was found at the highest level in the mucosa proteins, 
then in decreasing order in the pancreas, spleen, whole blood, kidney, and 
liver. After shorter assimilation periods (3 and 4 hours) the activity of 
the liver proteins exceeded that of the kidney proteins. A similar reversal 
in the order of activity for the proteins of liver and kidney had been ob- 
served in the methionine studies (14). With methionine, however, the 
change in the order of activity for these two tissue proteins took place 
more rapidly; 7.e., within the first half hour after administration of methi- 
onine. The longer period required for the reversal to take place after 
cystine administration may have been due to the previously mentioned 
inhibitory effect of the p isomer or perhaps to a relatively long lag period 
required by cystine. A greater uptake of cystine sulfur by all proteins 
might have been found had longer assimilation periods been studied. 


SUMMARY 


S*5-labeled pL-cystine was used to study the metabolism of GSH and 
tissue protein sulfur in rats. The cystine sulfur was found to be incor- 
porated much more rapidly in GSH than in proteins. 

The activity of GSH from intestinal mucosa was comparable to that 
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from liver, and it is suggested that the intestinal mucosa may also be a 
site of GSH synthesis. 

The pattern of cystine sulfur uptake by proteins was similar to that 
reported for methionine sulfur. The degree of S* incorporation from 
cystine, however, was considerably less than that reported for methionine. 
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THE ROLE OF METHIONINE AS A METHYL DONOR FOR 
CHOLINE SYNTHESIS IN THE CHICK* 


By K. A. BURKE,t R. F. NYSTROM, anv B. CONNOR JOHNSON 
(From the Division of Animal Nutrition, University of Illinois, Urbana, Illinois) 


(Received for publication, July 29, 1950) 


There has been much work done in recent years in attempting to de- 
termine whether or not the chick is able to carry out transmethylation 
reactions. It has been established that the methyl group from methi- 
onine can be used for the synthesis of choline by the rat (1, 2), the dog 
(3), and other species. : 

Jukes (4) has shown, by feeding a choline-deficient diet to chicks, that 
normal growth cannot be attained and that perosis will result even in the 
presence of adequate methionine. In subsequent experiments Jukes (5, 
6) found that monomethylaminoethanol reduced the incidence of perosis, 
but had no effect on the growth rate, while dimethylaminoethano! both 
reduced perosis and increased the growth rate. He also showed that 
ethanolamine was without any effect when added to this diet, thus show- 
ing that some methylation of mono- and dimethylaminoethanol might 
occur but not of ethanolamine. McGinnis and coworkers (7, 8) found 
when they fed certain simplified diets, deficient in choline, to chicks that 
the addition of betaine was effective in preventing perosis. 

The purpose of the present work was to establish whether or not the 
chick is able to utilize the methyl group from methionine for the synthesis 
of choline, and also to determine the rate of oxidation of the methyl group 
of methionine to carbon dioxide. 


EXPERIMENTAL 


Animal Work 


Two chicks, 1 month of age (barred rock-New Hampshire cross) were 
used in this experiment. ‘These chicks were maintained on a diet low in 
choline for 1 week prior to the experiment to deplete their stores par- 
tially. During the experiment the chicks were kept in glass cages to 
which a series of bubblers was connected. Air was drawn through the 
cage at a rate of 2 liters per minute. Two traps were placed before the 


* Supported in part by a grant from the United States Atomic Energy Commis- 
sion under contract No. AT(11-1)-67, Animal Science project 2, and in part by the 
University of Illinois, Graduate College Research Board. 

t Taken from the thesis of K. A. Burke submitted to the Graduate College, Uni- 
versity of Illinois, in partial fulfilment of the requirements for the degree of Doctor 
of Philosopy in Animal Nutrition, June, 1950. 
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cage, one containing Drierite and the other moist sodium hydroxide shells. 
Three bubblers were placed after the cage, two containing sodium hy- 
droxide (0.2 m) to absorb carbon dioxide expired by the chick, and a third 
containing a concentrated solution of barium hydroxide as an indicator 
to establish that all of the carbon dioxide expired by the chicks was being 
collected in the first two bubblers. The two alkali bubblers were changed 
at various intervals, and the carbon dioxide was precipitated as barium 
carbonate, which was later analyzed for C'* content. 

The methionine was fed to the chicks in a gelatin capsule by first placing 
a short length of 7 mm. glass tubing into the chick’s throat and dropping 
the capsule down. Chick I received 92 mg. of methionine containing 
39.21 we. of C, and Chick II received 107.9 mg. containing 45.98 uc. of 
C'%. Immediately after feeding, the chick was placed in the glass cage, 
the two halves of which were then sealed together with stop-cock grease 
and then wrapped with adhesive and scotch tape to prevent air from 
leaking in. 

After 48 hours the chicks were sacrificed and the intestinal tract. re- 
moved, cleaned, and replaced. The whole carcass was frozen and ground 
twice. The material was then extracted in a Soxhlet extractor for 48 
hours with methanol; the alcohol was evaporated, and the residue hy- 
drolyzed with a saturated solution of barium hydroxide. The choline 
was then precipitated at pH 9 to 10 with Reinecke salt. After being 
thoroughly washed with ice-cold methanol saturated with choline reineck- 
ate, the reineckate was dissolved in acetone and the Reinecke ion re- 
moved by the addition of silver sulfate (9). The sulfate ion was then 
quantitatively removed by the addition of barium chloride. The re- 
maining solution was evaporated under reduced pressure to dryness. The 
residue was taken up in absolute ethanol and an excess of an alcoholic 
solution of chloroplatinic acid was added. After standing at 0° for 1 
hour the mixture was filtered and washed with ethyl alcohol. This com- 
pound was then recrystallized from an ethanol-water mixture to a con- 
stant specific activity. From Chick I 400 mg. and from Chick II 440 
mg. of choline chloroplatinate were obtained. The platinum analysis of 
these compounds was 31.8 and 31.7 per cent respectively, the theoretical 
value being 31.7 per cent. 

One portion of the choline chloroplatinate was assayed for C' content 
and another portion was degraded to trimethylamine to be certain that 
the specific activities of the two compounds were the same, thus making 
sure that all of the radioactivity of the choline was in the methyl group. 


Methionine Synthesis 


Methionine containing C in the methyl group was synthesized by a 
method similar to that used by Melville (10). The reaction was carried 
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out on a vacuum line at a pressure of 10-* to 10 mm. of mercury. 1 
mM of methyl iodide, containing 1 me. of C™ per mm, was employed in 
the synthesis. 


Degradation of Choline to Trimethylamine 


An example of the degradation is given from data obtained from Chick 
I. 92.4 mg. of choline chloroplatinate were placed in a 50 ml. round 
bottom flask fitted with a 24/40 ground glass joint. A dropping funnel, 
equipped with a take-off and a dropping tip pulled to a fine bore extend- 
ing close to the bottom of the flask, was placed in the flask. The take-off 
was connected to two bubblers (15 ml. centrifuge tubes) in series, each of 
which contained 7 ml. of absolute ethanol. These tubes were cooled to 
—80°. After dissolving the sample in 3 ml. of 20 per cent sodium hy- 
droxide, the solution was warmed gently with a free flame and a saturated 
solution of potassium permanganate (about 3 ml.) was added dropwise 
until a permanent green color indicated the presence of a slight excess. 
A slow stream of air was drawn through the system to carry the liberated 
trimethylamine over into the bubblers, where it was absorbed by the cold 
ethanol. After the last addition of permanganate, the flask was heated 
for an additional 15 minutes, air being drawn through to carry over the 
amine. ‘Then the tubes were removed from the cold bath and an excess 
of an alcoholic solution of chloroplatinic acid was added. The precipitate 
of trimethylamine chloroplatinate was washed by centrifugation and sus- 
pension in ethyl alcohol. The compound was then recrystallized from a 
water-alcohol mixture to a constant specific activity and dried in vacuo. 
The sample was assayed for C'* content by the method described below. 


Radioactive Assay Procedures 


The organic compounds were burned to carbon dioxide and water by 
employing the micro-Pregl technique. The carbon dioxide was absorbed 
in dilute sodium hydroxide and later precipitated as barium carbonate. 
This compound was then washed, dried, and weighed. 

The barium carbonate samples from the carbon dioxide excretion and 
those obtained from the choline and trimethylamine chloroplatinates and 
methionine were assayed for C™ content as follows: 

Barium carbonate was decomposed by the addition of 30 per cent per- 
chloric acid and the liberated carbon dioxide swept in a stream of helium 
into traps cooled by liquid nitrogen. The amount of carbon dioxide was 
determined manometrically and transferred to an evacuated ionization 
chamber, after which inert carbon dioxide was employed to sweep the last 
traces of C'-carbon dioxide into the chamber and to bring it to atmos- 
pheric pressure. 
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The instrument used for the radioactivity measurements was a vibrating 
reed electrometer in conjunction with a Brown recording potentiometer. 
Two samples of methionine were assayed and their activities checked 
within 1 per cent, the average value being 0.4262 uc. per mg. of methi- 


TaBLeE [ 
Radioactive Assays for Choline and Trimethylamine Chloroplatinates 
Per cent trans- | Total per cent 
Chick No. Chloroplatinate sample Specific activity Methy/ation based | of methionine 
methionine 
I Choline 5.66 8.92 11.86 
Trimethylamine 5.48 
II Choline 2.69 4.10 17.06 
Trimethylamine 2.68 
TABLE II 
CO, Excretion for Chick 
Chick I Chick II 
le No. Duration of cu ed, C 
sample administered |tered methio-| sample | administered |tered methio- 
methionine | nine per hr. methionine | nine per hr. 
hrs. uc. uc. 
1 1 0.015 0.04 0.04 0.02 0.04 0.04 
2 1 0.19 0.49 0.49 0.10 0.22 0.22 
3 1 0.31 0.79 0.79 0.28 0.61 0.61 
4 1 0.59 1.50 1.50 0.84 1.82 1.82 
5 2 0.72 1.84 0.92 1.51 3.28 1.64 
6 3 0.84 2.14 0.71 1.50 3.26 1.09 
7 12 0.87 2.22 0.18 1.81 3.94 0.33 
8 8 0.61 1.56 0.19 0.68 1.47 0.18 
9 19 0.50 1.28 0.07 1.11 2.42 0.13 
Total... 48 4.64 11.86 7.85 17.06 


onine. The radioactive assays for choline and trimethylamine chloro- 
platinates are presented in Table I. 

Table II shows the data for carbon dioxide excretion obtained on the 
two chicks. Samples were collected frequently at the beginning of the 
experiment to show the peak of the excretion rate. From the data pre- 
sented, it can be seen that Chick II excreted 17.06 per cent and Chick I 
excreted 11.86 per cent of the administered methionine as carbon dioxide. 
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It should be noted that Chick II carried out only 50 per cent as much 
transmethylation as did Chick I. Both chicks reached a maximum rate 
of excretion of CO: about 4 hours after ingestion of the methionine. 


DISCUSSION 


The data presented in this paper show that, under the conditions of the 
experiment, from 4.10 to 8.92 per cent of the methyl groups from the in- 
gested methionine was utilized for choline synthesis. It also shows that 
from 11.86 to 17.06 per cent of the ingested methionine methyl groups 
was oxidized to C“O. and excreted as such during the 48 hour period of the 
experiment. Both chicks reached a peak in the hourly excretion rate of 
CO, at about 4 hours after the ingestion of the methionine. 

It is interesting to note that the total of the transmethylation and ex- 
creted C“O., when expressed as a per cent of the ingested methionine, is 
about 21 per cent for each chick, although in Chick IT the transmethyla- 
tion was only one-half that in Chick I. 

It is difficult to explain this difference in the amount of conversion; 
however, if the crop in Chick II were less full than in Chick I, this would 
enable it to absorb methionine from the intestine at a more rapid rate, 
thus building up a higher concentration in the blood stream. This might 
conceivably permit more methionine to be oxidized to carbon dioxide, 
thus leaving less for transmethylation reactions. The differences, how- 
ever, may merely represent a normal variation between animals. 

It has been shown by Sakami (11) and by Stekol e¢ al. (12) that syn- 
thesis of methyl groups can occur in the rat. However, in work presented 
by Keller et al. (13) in which methionine labeled with deuterium and C™ 
in the methyl group was fed, they found that the isotopic ratio in the iso- 
lated choline was the same as in the methionine, within the limits of ex- 
perimental error. This shows that under the condition of their experiment 
there could have been only a small amount of methyl group synthesis. 
In the present experiment, the animals received 1 per cent methionine in 
the diet, which would supply an excess of methy] groups in the body, and 
which should minimize synthesis of this radical. The quantitative aspects 
of methyl group synthesis in the chick are being investigated and will 
be reported later. 

Mackenzie et al. (14) found for the rat that 32.4 per cent of the ad- 
ministered C'4-methionine was excreted as carbon dioxide in 52 hours and 
37 per cent participated in transmethylation reactions. These values are 
both higher than the data for the chick obtained for 48 hours in the present 
experiment. For 24 hours Mackenzie et al. obtained for the rat 26.4 per 
cent of the C“ methionine excreted as carbon dioxide, while for the chick 
we obtained approximately 11 per cent. Thus it appears that the chick 
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both oxidizes and transmethylates methionine methyl groups at a slower 
rate than does the rat, at least under the conditions of the present experi- 
ment. 


SUMMARY 


Methionine containing Cy in the methyl group was synthesized and fed 
to two chicks. The choline, which was isolated from the carcasses of the 
chicks, was found to contain an -average of 6.4 per cent of the ingested 
methionine C'*. The expired carbon dioxide from the chicks was found to 
contain an average of 14.4 per cent of the ingested methionine C over 
the 48 hour period. These data show that the chick is able to utilize the 
methyl group from methionine for choline synthesis. 
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A STUDY OF CARBON DIOXIDE FIXATION BY 
MICROCOCCUS LYSODEIKTICUS* 


By I. ROSABELLE McMANUS 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, August 11, 1950) 


The réle of carbon dioxide fixation in animal and bacterial metabolism 
has been reviewed by Wood (1) and has been further discussed in a series of 
papers by Ochoa et al. (2-4), by Utter and Wood (5), and by Vennesland 
et al. (6). Krampitz, Wood, and Werkman (7) demonstrated the fixa- 
tion of C¥O:, in oxalacetate by Micrococcus lysodeikticus by means of the 
exchange of CO, with the 8-carboxyl of oxalacetate according to the 
reaction 


Pyruvate + CO, = oxalacetate (Wood-Werkman reaction) 


The present communication is a further study in M. lysodetkticus of the 
reactants involved in COs, fixation and of the possible réle of ATP in the 
reaction.! 

Recently, Veiga Salles, Harary, Banfi, and Ochoa (8) have presented 
evidence suggesting that CO, may not be fixed directly through the Wood- 
Werkman reaction in pigeon liver, but rather through a TPN-linked reac- 
tion between malate and oxalacetate according to the reactions 


Pyruvate + CO, + TPNH, = l-malate + TPN (‘‘malic’’ enzyme) 
l-Malate + TPN & oxalacetate + TPNHe (malic dehydrogenase) 


ln an attempt to elucidate the importance of such a series of reactions in 
the bacterial system, the present paper describes some studies on the 
relative incorporation of CO, in oxalacetate and malate with M. lysodeik- 
ticus preparations in the presence and absence of added TPN and DPN. 


* This work was supported in part by a contract between Western Reserve Uni- 
versity and the Office of Naval Research under the auspices of the United States 
Atomic Energy Commission, and in part by a grant from the Elisabeth Severance 
Prentiss Foundation. The C' was obtained on allocation from the United States 
Atomic Energy Commission. <A preliminary report of this investigation was pre- 
sented before the American Society of Biological Chemists at Atlantie City, April, 
1950. 

1 ATP = adenosinetriphosphate; DPN = diphosphopyridine nucleotide; TPN = 
triphosphopyridine nucleotide. | 
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Enzyme Preparation 


M. lysodeikticus was grown in Roux bottles on an agar medium as de- 
scribed by Krampitz and Werkman (9). They were harvested after 72 
hours, washed, and lyophilized. In the dried state they may be stored for 
several months in the cold and used as required for enzyme preparations. 

Several types of enzyme preparations were used. 

The extract employed in many experiments was prepared from a 5 per 
cent suspension of lyophilized A1. lysodeikticus in 0.05 m phosphate buffer, 
pH 7.1, which was subjected to sonic disintegration in a Raytheon sonic 
generator, type R-22-3, operating at a frequency of 9000 cycles per second 
for 2 hours. After treatment, the suspension was centrifuged at 3000 
r.p.m. in a Sorvall angle centrifuge for 30 minutes. The centrifugate ob- 
tained was a clear, yellow extract which was used as such or after dialysis. 

A second type of extract was obtained by adding lysozyme in the pro- 
portion of 300 y per 10 ml. of a 5 per cent suspension. Transformation of 
the suspension into a translucent, gelatinous, yellow-green mass indicated 
that extensive lysis had occurred. Lysis was found to proceed best if the 
cells were suspended in equal amounts of 0.05 m phosphate buffer, pH 7.1, 
and 0.9 per cent NaCl and kept at 30°. With the above concentrations 
of lysozyme, lysis was nearly complete, as judged by gross appearance, 
at the end of 40 minutes, at which time the suspension was centrifuged in 
the cold, and the centrifugate then used as the enzyme extract. 

A third preparation consisted of a 5 per cent suspension of cells made up 

in equal parts of 0.05 m phosphate buffer, pH 7.1, and 0.9 per cent NaCl, 
with addition of lysozyme of the concentration previously mentioned. 
The suspension of cells was added to the reaction mixture after lysis had 
just started to occur, most suspensions being added about 20 minutes after 
addition of lysozyme. Lysis continued at a much slower rate, owing to 
dilution of the lysozyme by the reaction mixture. 
All of these preparations carried out the decarboxylation of oxalacetate 
to pyruvate and carbon dioxide under anaerobic conditions. Aerobically 
pyruvate was oxidatively decarboxylated to acetate and carbon dioxide. 
The extracts retained activity for 1 to 2 weeks if kept in the frozen state. 


Materials 


Lysozyme was prepared according to the method of Alderton, Ward, 
and Fevold (10). Oxalacetic acid was obtained by hydrolysis of the 
sodium ethyl ester of oxalacetate (Eastman) as described by Krampitz and 
Werkman (9). The acid was adjusted to pH 6.4 with trisodium phosphate 
and diluted to volume immediately before use. J-Malate (Eastman) was 
twice recrystallized from acetone-benzene mixture. Adenosinetriphos- 
phate (Rohm and Haas) was used as the sodium salt. Phosphoglyceric 
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acid was obtained from a commercial sample of the barium salt. Tri- 


phosphopyridine nucleotide and diphosphopyridine nucleotide were pre- 
pared from liver as described by LePage and Mueller (11). Spectrophoto- 
metric assay with Zwischenferment (12) indicated the TPN to be about 50 
per cent pure; the DPN assayed about 70 per cent. All materials except 


DPN and TPN were used as the sodium salts adjusted to pH 6.8. 


Methods 


Glucose was analyzed by the methods of Somogyi (13) and Nelson (14). 
Phosphopyruvie acid was hydrolyzed according to the method of Loh- 
mann and Meyerhof (15) and inorganic phosphate determined by the Go- 
mori method (16). ATP was determined as inorganic phosphate released 
by hydrolysis for 9 minutes in 1 N HCl at 100°. Pyruviec acid was deter- 
mined by the Friedemann-Haugen method (17). The persulfate oxida- 
tion was conducted as described by Osburn and Werkman (18). 


General Experimental Procedure 
The general procedure for demonstrating fixation of CO, in oxalacetate 


- was similar to that described by Krampitz, Wood, and Werkman (7) with 


modifications as developed by Utter.2 The reaction was permitted to pro- 
ceed anaerobically under nitrogen at 30.4° in the presence of C-labeled 
bicarbonate until about one-half of the original substrate, oxalacetate, 
remained. ‘The concentrations of reactants used are shown in the tables. 
The final pH of the reaction was 7.3 to 7.4. The reaction was stopped 
by addition of 1.0 ml. of 10 per cent metaphosphoric acid, or by addition 
of 10 N sulfuric acid to a final normality of either 0.1 or 3.0 nN, depending 
on the future handling of the mixture. Dissolved CO, was removed by 
rinsing with unlabeled CO, and air. Subsequent handling of the reaction 


_ mixture was similar to the method described by Utter.2. The B-carboxy] 


of the oxalacetate was decarboxylated with 33 per cent aluminum sulfate 
(19) after adjusting the pH to 4 with 0.75 m potassium acid phthalate. 
The liberated CO, was trapped in 2.5 N NaOH and then plated on filter 
paper disks as barium carbonate (20). The barium carbonate was counted 
as a sample of finite thickness under an end window Geiger-Miiller tube 
with an efficiency of 10 per cent, until the statistical counting error was 
within +5 per cent. Results are reported as counts per minute per mg. 
of C, unless otherwise stated. 

The general procedure for analysis of the 8-carboxyl of malic acid is de- 
scribed by Utter.2 After acidification to a final normality of 3.0 n, the 
sample was heated to decarboxylate the oxalacetate and the malic acid 
was separated by partition chromatography on an ether-washed Celite 


2 Utter, M. F., personal communication. 
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column (Johns-Manville, No. 535). 5 per cent butanol-95 per cent chloro- 
form, which had been equilibrated against 3 N sulfuric acid, was passed 
through the column first, followed by absolute ether. The malic acid from 
the ether phase was decarboxylated with Lactobacillus arabinosus (21) 
and the B-carboxyl obtained as COz was plated and counted as barium 
carbonate. 

In some cases, the a-carboxyl of oxalacetate was collected to check for 
C™ activity. The mixture remaining from the B-decarboxylation was 
acidified with 1.0 ml. of 10 N sulfuric acid and an excess of saturated ceric 
sulfate was added (22). The liberated COs was collected in alkali and 
plated and counted as barium carbonate. 


TABLE I 


Effect of Varying Concentrations of ATP on Fixation of CO. in Oxalacetate by 
M. lysodetkticus 


B-COOH of oxalacetate 
Experiment No. Treatment of extract added 
M counts pet 
1 Undialyzed 108 112 
0.04 117 120 
0.08 115 121 
0.12 115 118 
2 Dialyzed 10 hrs. against cold dis- 110 118 
tilled water 0.04 113 120 
0.08 100 115 
0.12 110 121 


Incubated 15 minutes; 0.12 M oxalacetate, 0.01 M MnClo, 0.12 mM NaHCO; (79,000 
counts), 0.5 ml. of 5 per cent M. lysodeikticus extract. Total volume, 2.0 ml.; tem- 
perature, 30.4°. 


Results 


ffect of Added Adenosinetriphosphate on Fixation of in Oxalacetate— 
Considerable C’O., was fixed in oxalacetate without addition of ATP by 
lysed suspensions and aqueous supersonic extracts of M. lysoderkticus. 
The magnitude of fixation was comparable with the two preparations and 
addition of ATP did not stimulate fixation by undialyzed or dialyzed prep- 
arations to any significant degree. ‘Table | summarizes the results of 
these experiments. It is seen that concentrations of ATP up to 0.12 
10°? m failed to affect the extent of fixation. Vennesland, Gollub, and 
Speck (23) have reported a similar lack of effect by ATP on an oxalacetate 
carboxylase system obtained from parsley root. This is in contrast to the 
results with pigeon liver in which Utter and Wood (5) found that fixation 
in oxalacetate was negligible in the absence of ATP. 
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It was possible that the muscle ATP employed in these experiments 
might be inoperative in the bacterial system and it therefore was desirable 
to demonstrate its participation in other reactions by the bacteria. The 
hexokinase system involving transfer of phosphate from ATP to glucose 
and the phosphopyruvate transphosphorylase system were therefore tested. 
The system employed to study hexokinase activity was similar to that 


TABLE II 


Demonstration of Glucose Phosphorylation during Hexokinase Reaction with 
M. lysodetkticus Extract 


Sample No. Additions Time of incubation | Glucose present after 
min. uM 
1 Glucose + ATP 0 2.9 
30 2.9 
3 - + ATP 30 1.9 


: 3.0 um of glucose added, 2.8 um of ATP, 0.06 mm of NaF, 0.16 mm of MgCl, 0.12 
mu NaHCO, 0.4 ml. of M. lysodeikticus extract. Total volume, 2.0 ml.; tempera- 
ture, 30.4°. 


TABLE III 


Demonstration of Phosphopyruvate Transphosphorylase Reaction Catalyzed by 
M. lysodetkticus Extract 


ruvate 
PGA alone or PGA + AA 0 0 0.74 0.74 
30 0.69 1.09 0.74 
“« + AA 30 0 2.32 2.32 


Final concentration of reactants, 2.5.mM of 3-phosphoglyceric acid, 1.25 mM of 
adenylic acid, 8.0 mm of MgCls, 0.4 ml. of enzyme extract. Final volume, 2.0 ml. 
Incubation time, 30 minutes. Atmosphere, 5 per cent CO,-95 per cent No. 


described by Colowick, Cori, and Slein (24). Hexokinase activity is ex- 
pressed as the disappearance of glucose after 30 minutes incubation com- 
pared to a zero time control, The results of this experiment are illustrated 
in Table I]. [t is clear that glucose has been utilized and that the utiliza- 
tion is dependent upon ATP. Measurement of ATP showed a general 
correspondence to glucose disappearance; the data are not presented. 

The results obtained for the phosphopyruvate transphosphorylase reac- 
tion are shown in Table III and indicate transfer of energy-rich phosphate 
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from phosphopyruvate to adenylic acid. The conditions of the experiment 
are described in Table III, the following series of reactions occurring. 


phosphoglyceromutase 


3-Phosphoglyceric acid <— — 2-phosphoglyceric acid 
enolase 
2-Phosphoglyceric acid ¢— —  enol-phosphopyruvic acid 
phosphopyruvate 
transphosphorylase 


Enol-phosphopyruvic acid + adenylic acid ¢— 
pyruvic acid + ATP 


At the end of the incubation time, the reaction was stopped with 10 per 
cent trichloroacetic acid and aliquots removed for determination of in- 
organic phosphate, phosphopyruvate, and 9 minute acid-hydrolyzable 
phosphate. The 9 minute acid-hydrolyzable phosphate was considered 
indicative of ADP and ATP present after correction for phosphopyruvate 
on the basis that the latter is one-half hydrolyzed in 9 minutes in 1 n HCl 
at 100°. ADP and ATP were found to have increased 3-fold over control 
values, showing significant phosphorylation of adenylic acid. Thus, these 
results indicate that muscle ATP is indeed active as a phosphate donor in 
the bacterial system and that adenylic acid can be phosphorylated to 
form ATP in significant amount. Inactivity of the ATP, therefore, can- 
not account for its essentially insignificant effect in the COz fixation re- 
action. 

Balance Studies of Fixation Reaction in Micrococcus lysodeikticus—If the 
reaction expressed by the equation oxalacetate = pyruvate + CO, is the 
only conversion occurring in the system, it should be possible to account 
for all of the added oxalacetate as pyruvate after converting residual 
oxalacetate to pyruvate by acid-heat treatment. Other net side reactions 
involving either oxalacetate or pyruvate would be reflected in a decrease 
in final pyruvate concentration. To test this situation, pyruvate was 
determined by the specific Friedemann-Haugen method. The experi- 
mental details and results of this experiment are shown in Table IV. It 
is seen that there is no disappearance of pyruvate in a sample after reaction 
compared to a zero control, a non-enzymatic control, and a boiled enzyme 
control. To check further for the presence of an a-keto acid other than 
pyruvate, the non-specific a-keto acid method of Friedemann-Haugen was 
also used. Such a-keto acids as oxalacetate and a-ketoglutarate, as well 
as pyruvic acid, are measured by this method. The light absorption of 
the alkaline hydrazones is measured at 420 and at 540 muy, and the ratio 
of these two absorptions is calculated; any variation of the ratios from 
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those obtained with a pyruvate standard indicates the presence of other 
a-keto acids. Pyruvate standards gave values of 1.29 to 1.32 for the 
ratio 420:540, as did the controls and the experimental values (Table IV). 
Therefore, it is probable that no a-keto acids other than pyruvate were 
present in the reaction mixture. 

These findings make unlikely the fixation of CO: in oxalosuccinate by 
the Ochoa reaction (25) as shown by the equation oxalosuccinate @ a- 
ketoglutarate + CO». Oxalosuccinate could be formed from oxalacetate 
and pyruvate by the reactions of the tricarboxylic acid cycle, but the net 
recovery of pyruvate should reflect any such reaction. In addition, if CO. 
had been fixed in oxalosuccinate, the latter would have been decarboxylated 
by the acid-heat treatment and a-ketoglutarate would be present in the 


TABLE IV 
Balance Study of CO2 fixation in Oxalacetate with M. lysodeikticus Extract 
Total pyruvate Lin, 
Sample No. Treatment of reaction mixture incu- 
mM 
1 Complete, incubated 0 min. 0.120 1.30 
2 7 = 30 “ 0.123 1.32 
3 Boiled enzyme, incubated 30 min. 0.123 1.34 
4 No enzyme added, incubated 30 0.123 1.34 
min. 


Total pyruvate = pyruvate and oxalacetate. Reactants, 0.12 m oxalacetate, 
0.01 m MnClo, 0.12 m NaHCO,, 0.3 ml. of M. lysodeikticus extract. Total] volume, 
2.0 ml.; temperature, 30.4°. 

*Ratio of photometric densities of hydrazone at 420 and 540 mu. 


residue. The method used for the detection of a-ketoglutarate would have 
shown a marked increase in the ratio if a-ketoglutarate had constituted at 
least 10 per cent of the total keto acids present. A smaller amount would 
have been undetected, but analysis for a-ketoglutarate by enzymatic means, 
as described by Krebs (26), also failed to show its presence. 

In order to learn something about the ultimate fate of the C“O, fixed, an 
isotope recovery experiment was carried out. A series of six cups was set 
up and the reaction run as described under the general experimental pro- 
cedure for the fixation of CO, in oxalacetate. After centrifuging the 
protein, the combined mixture was divided into two equal parts. One 
part was treated with aluminum sulfate, effecting B-decarboxylation of the 
residual oxalacetate, and a persulfate oxidation was run on the second por- 
tion. The results of this experiment are shown in Table V. Total counts, 
corrected for background and self-absorption, from the two procedures 
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agreed closely, suggesting that the C™ activity is limited to the 8-carboxy] 
of the oxalacetate, and that no other substances containing appreciable 
C™ have accumulated in the reaction mixture. This speaks strongly for 
the specificity of the system being studied. 

Effect of Adding Malic Acid and TPN on COz Fixation in Micrococcus 
lysodeikticus—The observations made by Veiga Salles e¢ al. (8) suggest 
that oxalacetate may be a secondary compound in the fixation of CO,, 
being formed from the malic acid which originated via the ‘‘malic”’ enzyme 
system. However, Utter,? using a dialyzed pigeon liver extract, has shown 
that the relative specific activities of oxalacetate and malate attained during 
fixation of CO. appear to depend significantly on the cofactors present 
during the reaction. In the presence of ATP, the specific activity of 
oxalacetate is always higher than that of malate. If ATP is replaced with 
TPN, malate has the higher specific activity. There was gradual equili- 


TABLE V 
Recovery of in CO2 Fixation Keaction 


Treatment of incubation mixture BaCOs recovered C™ recovered 
Total persulfate itiattae 1.63 475 
Ale(SO.4)s of COOH of 


Incubated 15 minutes; 0.36 mM oxalacetate, 0.36 M NaHCO, (237, 000 counts), 
0.13 m MnCle, 1.2 ml. 5 per cent M. lysodetkticus extract. Total volume, 6.0 m1.; 
temperature, 30.4°. 


bration of the activity between oxalacetate and malate on longer incuba- 
tion. In view of these results, it was of interest to investigate the in- 
fluence of added TPN and malate on the relative incorporation of CO» in 
oxalacetate and malate by M. lysodetkticus. 

Table VI summarizes the effect of adding TPN to both the extract and 
lysed suspension. After incubation, the contents of two cups were pooled, 
divided into two equal parts, and one part analyzed for fixation in oxal- 
acetate. The second part was analyzed for fixation in malate. Most 
of the fixation is in oxalacetate, with minor incorporation of labeled CO, 
in malate, as shown from a comparison of the total counts and specific 
activities of oxalacetate and malate. The effect of adding TPN is neg- 
ligible. Data are also presented in Table VI which show the influence of 
the time of incubation on the relative fixation of CO» in oxalacetate and 
malate in the presence of added TPN. It is seen that fixation in oxalace- 
tate is considerable after only a 5 minute incubation, while fixation in 
malate is practically negative. In Experiment 2, in which an extract was 
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used, fixation in malate is small even after 25 minutes incubation, while 
oxalacetate has attained a specific activity of 631 c.p.m. per mg. of C. 
With a lysed suspension, as in Experiment 3, some fixation occurs in 
malate after 25 minutes incubation, but again, the amount is small when 
compared with oxalacetate. Similar experiments carried out with DPN 
on a lysed suspension gave essentially the same type of results. 

The over-all picture is that of an initial fixation of CO, in oxalacetate, 
apparently via the oxalacetic carboxylase reaction, the malate-TPN system 
contributing to an insignificant extent in the reaction under the condi- 
tions employed in these experiments. 


TaBLe VI 


Effect of TPN of Fixation of CO2 in Oxalacetate and Malate with M. lysodeiktic: 
Extract and Lysed Suspension 


Malate, 8B-COOH Oxalacetate, 8-COOH 
T Time in- | TPN 
pt added Total C.p.m. Total C.p.m 
counts per per mg. C| Counts Pet | 
min. 
1 Extract 25 “tf 1 3 118 401 
25 -- 0 0 113 362 
2 5 8 15 212 221 
15 + 1] 23 344 437 
25 + 33 65 356 631 
3 Lysed suspension 5 + 3 5 159 245 
15 + 12 23 118 231 
25 + 18 38 84 350 
25 -~ 21 38 87 338 


Reactants, 0.12 mM oxalacetate, 0.09 m /-malate, 0.01 Mm MnCle, 0.12 m NaHCO, 
(79,000 counts), 375 y of TPN (pure), 0.4 ml. of enzyme preparation. Total vol- 
ume, 2.0 ml.; temperature, 30.4°. 

* Extract prepared from a different batch of M. lysodetkticus. 


DISCUSSION 


Definite conclusions regarding the lack of significant stimulation of 
CO, fixation by ATP await purification of the bacterial system. Under 
certain conditions there was a slight stimulation on addition of high con- 
centrations of ATP to an untreated extract. There are several possible 
reasons for the difference between the bacterial and pigeon liver systems. 
In pigeon liver, ATP may act indirectly, perhaps to inhibit or reverse some 
side reaction which would, in the absence of ATP, utilize a component 
needed for the fixation reaction. This side reaction may not occur, or be 
present to a more limited extent, in the bacterial system. It is possible 
that ATP is necessary for the synthesis of a needed cofactor in pigeon liver, 
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which is already present in the bacterial preparation, thus eliminating the 
need for ATP. 

The results presented in this paper point to a mechanism of CO, fixation 
by reversal of the Wood and Werkman reaction and independent of the 
‘“malic’-TPN system. The M. lysodetkticus extract apparently does not 
contain an active TPN or DPN malic dehydrogenase. These conclusions, 
of course, rest on the validity of the assumption of equilibration of malate 
and oxalacetate with the metabolic ‘“‘pools’”’ of these materials present in 
the reaction mixture. 

Interpretation of the results obtained on the fixation of CO» in malate 
with a lysed cell suspension is obscure. Some fixation did occur, probably 
suggesting a limited reversal of the reaction oxalacetate — malate, but 
the exchange is small and is not significantly affected by the addition of 
either TPN or DPN. It is interesting that a lysed cell suspension will 
oxidize malic acid rapidly, as indicated by measurement of O»2 uptake. 
So the possibility exists that a malic dehydrogenase is operative here which 
is not directly dependent on the presence of either TPN or DPN as elec- 
tron carriers. Direct spectrophotometric studies of TPN and DPN re- 
duction in such a malate system support this idea, since, to date the results 
have been negative for reduction of the pyridine nucleotides. Further 
work is needed to clarify these observations. 

It seems reasonable to ascribe the bulk of the CO,-fixing activity of M. 
lysodetkticus to the reaction pyruvate + CO: @ oxalacetate. This de- 
scribes only the observed end-products which have been isolated or iden- 
tified by indirect means. It is possible that the actual reacting compounds 
are in an ‘‘activated”’ state, the actual fixation occurring in these com- 
pounds. During characterization these “activated’’ substances may be 
converted to oxalacetate or pyruvate, then mixed with large pools of these 
inactive final products and be identified with these pools. Utter? has 
found that the usual chromatographic procedures for purification of the 
reaction components are drastic enough to destroy possible labile com- 
pounds. However, he has found that the specific activity of the CO. ob. 
tained by spontaneous decarboxylation of the oxalacetate present after 
reaction increases significantly with time. Thus it appears that a second 
component is present which has a higher specific activity than the bulk 
of the oxalacetate and which like oxalacetate is broken down, but at a 
slower rate. The nature of these ‘activated’? compounds is obscure, 
this phase of the problem requiring further investigation. 


The author wishes to thank Dr. M. F. Utter for his valuable sugges- 
tions and advice so freely given in the course of this study. 
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SUMMARY 


Fixation of carbon dioxide in oxalacetate has been studied with lysed sus- 
pensions and cell-free extracts of Micrococcus lysodetkticus. Unlike the 
system occurring in pigeon liver, an actively fixing system to which ATP 
has been added fails to stimulate fixation of CO. to any marked degree, 
although ATP has been shown to be active in the hexokinase reaction and 
to be formed by the phosphopyruvate transphosphorylase reaction in the 
bacterial system. 

From a balance study of the compounds involved in the fixation reaction, 
as well as an isotope recovery study, there is no evidence that any net reac- 
tion other than the oxalacetic carboxylase reaction has occurred under the 
experimental conditions employed. 

A study of the incorporation of labeled COs in oxalacetate and malate 
indicates a much higher isotope activity in oxalacetate than in malate, 
with little or no change in the relative distribution of isotope on addition 
of TPN or DPN. Results indicate the non-participation of the malic- 
TPN system in fixation in M. lysodetkticus, fixation apparently occurring 
by direct incorporation of CO, in oxalacetate or a closely related com- 
ponent. 
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liver since the presence of adenosinetriphosphate (ATP) in muscle was 
recognized by Lohmann (1), many muscular phenomena have been asso- 
ciated with it. Myosin threads (myosin B) prepared according to the 
method of Weber (2) and the glycerol-treated muscle fibers of Szent- 
Gyorgyi (3) contract on addition of ATP (4). This nucleotide also causes 
a reduction in viscosity of actomyosin solutions in 0.5 m KCI (5) and a 
contractile precipitation, termed superprecipitation by Szent-Gyoérgy1, of 
actomyosin solutions in 0.15 m KCl. 

Besides the adenosine nucleotides, the inosine nucleotides were also found 
‘in frog muscle by Lohmann (6). Needham et al. (5) state that inosine- 
triphosphate (ITP) is the only one of many phosphates and phosphorylated 
compounds, other than ATP, which reduces apparent specific viscosity and 
flow birefringence of myosin (myosin B). Kleinzeller (7) found that 
myosin splits ITP to inosinediphosphate (IDP) and phosphate 3 times 
faster than it splits ATP at pH 7.2. The possibility that inosine nucleo- 
tides play a réle in reactions in actin and actomyosin tn vitro is stressed by 
the finding that inosine nucleotides are prominent in actin (8). These 
considerations led us to investigate the effects of ITP on the phenomena 
caused by ATP in the various preparations from skeletal muscle. The 
results obtained prompted further investigation of the inosinetriphos- 
phatase (ITPase) compared with the adenosinetriphosphatase (ATPase) 
activity of myosin and actomyosin.. 


Materials and Methods 


Lnosinetriphosphale was prepared from commercial ATP! by the pro- 
cedure given by Kleinzeller (7). Tests indicated that the amount of 
phosphate liberated from the ITP by incubation with myosin or by LO 
minutes hydrolysis in molar HCl gave calculated values of ITP which were 
consistent with those derived from the Deso mu, by use of Walekar’s (9) 
value for the absorption coefficient of inosine at 250 my. All experiments 
were done with the sodium, or potassium salt, of ITP or of ATP. 


‘ Purchased from the Nutritional Biochemicals Corporation and the Sigma Chem- 
ical Company. 
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Myosin A was prepared according to Szent-Gyérgyi (4) with further 
purification by addition of ATP to remove actomyosin according to a 
recently modified procedure (10). 

Actin was prepared by the most recently recommended method of 
Feuer and coworkers (11). Glycerol-treated fibers were prepared from 
rabbit psoas muscle according to Szent-Gyoérgyi (3). Myosin B was pre- 
pared by extraction of ground rabbit muscle with Weber’s solution (2). 
Aqueous muscle extract was prepared by extracting autolyzed, ground, 
rabbit muscle with 2 volumes of cold water. This was used without 
further dilution. Myokinase was prepared according to Kalckar’s method 
(12). The water used in all experiments was distilled from glass vessels. 

Superprecipitation of actomyosin was carried out in Wassermann tubes 
partially immersed at 25° + 1° in a water bath with flat glass sides. Acto- 
myosin was prepared in the Wassermann tubes by adding | mg. of myosin 
in 0.1 ml. of 0.6 m KCl, 1.7 ml. of 0.1 m KCI, and 0.6 to 1.1 mg. of F-actin 
in about 0.1 ml. of 0.1 m KCl in the order given. Then the test substance 
(ATP or ITP) was added, and the tube was inverted once and returned to 
the rack for observation. 


EXPERIMENTAL 


Superprecipitation by ATP—When 0.5 mg. of sodium ATP in about 
0.1 ml. of solution is added to an actomyosin preparation as described 
above, there appears in 5 to 20 seconds a heavy precipitate which contracts 
within 30 to 60 seconds into a small plug. The ratio of the dimensions of 
this plug remains the ratio of the dimensions of the solution, but the volume 
of the plug is reduced to about one-eighth that of the solution. 

Superprecipitation by ITP—As has been indicated in an earlier report 
(13), the addition of ITP instead of ATP causes no superprecipitation, but 
when muscle extract or even ashed muscle juice is added with the ITP, 
superprecipitation does occur. The activity of the ash is probably due to 
Mg, for magnesium chloride in a concentration of 0.001 mM with 1.2 mg. of 
ITP caused superprecipitation equal in magnitude to that caused by ATP 
(Fig. 1). The amount of Mg required is in the range of 1 mole per mole of 
ITP, or 1000 moles per mole of myosin (molecular weight, 1 xX 10%). 
At higher concentrations of Mg (around 0.03 mM) superprecipitation is 
slower and at lower concentrations (around 0.0002 M) is incomplete. 

Calcium chloride in concentrations between 0.02 and 0.001 m with 
ITP was entirely ineffective. 

Mode of Action of IT P—Although spectrophotometric examination failed 
to indicate contamination of the ITP with adenine, the possibility existed 
that the ITP was contaminated with adenosinediphosphate (ADP) and 
the actomyosin with myokinase. The Mg required for superprecipitation 


. 
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by ITP might then serve to activate a myokinase reaction. As is shown in 
Fig. 2, ADP and myokinase induce excellent superprecipitation? without 


Fig.2 


Fig. 1. Superprecipitation of actomyosin by ITP and Mg, and by ATP. From 
left to right, the tubes contained, besides actomyosin in 0.13 mM KCI, (1) 0.9 mg. of 
ITP, (2) 0.01 mM MgCl., (3) 0.9 mg. of ITP plus 0.01 m MgCl., (4) no addition, and 
(5) 0.6 mg. of ATP. It is to be noted that superprecipitation occurred only in the 
tubes containing ITP plus Mg or ATP. 

Fig. 2. Superprecipitation by ADP and myokinase. From left to right, the 
tubes contained, besides actomyosin in 0.13 Mm KCI, (1) ADP, (2) myokinase, (3) 
ADP plus mvokinase. 


added Mg, but ADP is ineffective alone. Moreover, ITP added to an 
actomyosin-salt solution with myokinase failed to cause superprecipitation. 


2 This system provides a means for the qualitative or perhaps semiquantitative 
determination of myokinase activity in tissue extracts. 
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Hence, the effectiveness of ITP and Mg was not due to contamination of 
actomyosin with myokinase or of [TP with ADP. 

The contraction of actomyosin following the addition of ADP and 
myokinase was always slower than with ATP but, when finished, appeared 
to be more complete. It was also apparent in these experiments that 
ADP is not significantly altered by the actomyosin, for, if myokinase was 
added an hour or more after the ADP, superprecipitation occurred as usual. 

The possibility that the mode of action of ITP is through amination to 
ATP was tested by utilizing Kleinzeller’s finding that myokinase does not 
cause dismutation of IDP (7). If ATP is formed, the nucleotide in the 
superprecipitation tests would be converted to ADP. The addition of 
myokinase would then have two effects: (1) liberation of a second mole of 
inorganic phosphate; (2) deamination of the adenylic acid with a shift in the 
absorption maximum toward that of inosine. To investigate amination 


TABLE I 
Effect of Myokinase on Products Formed from ITP and ATP during 
Super precipitation 
See the text for explanation. 
ATP | ITP + Mg 
‘Tube 2, ATP + Tube 3, ITP | , 
Tube 1, ATP - myokinase | and Mg | vom 
| | 
P, um per ml. 0.7 2 | 0.59 | 0.58 
Wave-length, maximum optical 250 250 | 250 
density, mp | | | 


as a mode of action, superprecipitation was carried out in each of four 
tubes: the first pair (Tubes 1 and 2) received ATP and the other pair 
(Tubes 3 and 4) ITP plus Mg. 15 minutes after the precipitate had 
formed, myokinase was added to Tubes 2 and 4. The reactions were 
stopped in all tubes 15 minutes later by addition of perchloric acid to a 
concentration of 2 per cent. Table I shows that the effects anticipated 
for myokinase when ADP is formed occurred only in the ATP-treated 
tube; 2.e., (1) the inorganic phosphate increased and (2) the absorption 
maximum shifted toward the maximum for inosinie acid. The fact that 
the absorption in the tube receiving only ITP and Mg was that of inosine 
also indicates that amination did not occur. It is evident ATP was not 
formed from ITP at any time in the superprecipitation reaction. 

Réle of Mg in Superprecipitation with ATP—Superprecipitation by ATP 
in the presence of 0.005 mM MgCle was delayed about 20 minutes and the 


pre 
fin 
chi 
A 
the 
reé 
the 
lin 
as 
st 
re 
of 
of 
te 
re 

T 
af 

t 

ti 
H 

W 
ec 

t 

p 

I 

t 

b 
Ci 

e 


S. S. SPICER AND W. J. BOWEN 745 


precipitate contracted incompletely and slowly. After 60 minutes the 
fnal change in volume of the precipitate was less than half the usual 
change. 

Since Mg might be required in trace amounts for superprecipitation by 
ATP, an attempt was made to ascertain the amount of Mg available in 
these reaction mixtures. Since actin is the only source of Mg in the 
reaction mixtures, the protein was precipitated from 5 ml. of G-actin and 
the Mg content of the supernatant was estimated by the 8-hydroxyquino- 
line method (14). The results show that actins which contain as little 
as 0.1 y of Mg per ml. of solution (5 to 6 mg., dry weight, per ml.) are quite 
suitable for superprecipitation even though the concentration of Mg in the 
reaction mixture did not exceed 4 X 1077 M. 

Comparison of Superprecipitation by ITP and ATP—Superprecipitation 
of actomyosin by ITP and Mg requires approximately twice the quantity 
of ITP that is required of ATP, the smallest effective amount in these 
tests being 0.9 and 0.5 mg., respectively. When the quantity of ITP was 
reduced below 0.9 mg., the magnitude of the contraction was also reduced. 
The different requirement for ITP and ATP may be related to the greater 
affinity of actomyosin for ATP, as is described subsequently. 

Superprecipitation by ITP plus Mg takes about 4 times longer to occur 
than superprecipitation by ATP. It seemed possible that the additional 
time with ITP was due to failure to carry out the test at optimal pH. 
However, such is not the case, for a plug did not form in less than 2 minutes 
with ITP at any pH value between 5.9 and 6.9. The optimal pH for 
contraction of the ATP-induced precipitate lies between 6.5 and 6.9, 
whereas the optimum for contraction with ITP is at pH 6.2 to 6.4. 

Observations on Other Forms of Actomyosin—ATP added to glycerol- 
treated muscle fibers causes the fibers to contract drastically (3). Fibers 
prepared for these experiments shortened from 5.0 to 1.6 ecm. When 
ITP was added, only slight or no shortening occurred, but when the ITP 
was followed by Mg (final concentration 0.02 m), the fibers contracted to 
the same extent as with ATP. The Mg has the same effect if added either 
before or after ITP. 

Buchthal and coworkers (15) state that ITP, unlike ATP (4), does not 
cause contraction of myosin B threads, but does enhance the effect of 
subsequently applied ATP. In the present studies threads made by 
extruding myosin B in 0.6 m KCI into 0.04 m KCl from a capillary tip were 
measured in a depression slide on a microscope stage. ATP caused 
contraction to 20 per cent of the initial length of the threads. ITP alone 
caused no shortening, but when ITP was accompanied by Mg, the threads 
shortened to 25 to 50 per cent of the initial length. 

We have found in agreement with Needham e¢ al. (5) that ITP without 
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Mg reduces flow birefringence, but only this qualitative observation has 
been made. 

The effect of both ITP and ATP on the viscosity of actomyosin in solution 
has been studied. The experiments were done with 6.6 mg. of actin and 
10 mg. of myosin dissolved im8.0 ml. of 0.5 m KCl buffered to pH 6.9 with 
barbital acetate. Mg is required for a reduction in viscosity equal to that 
following the addition of ATP (Fig. 3). The more rapid recovery of »,, 
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liG.3. The effect of ITP and ATP, with and without added Mg, on the apparent 
specific viscosity (.») of synthetic actomyosin. The viscosities were determined 
with a Cannon-Fenske viscometer. Curve 1, 1.0 mg. of ITP and6 X 10-3 m MgCl, 
added; Curve 2, 1.0 mg. of ITP and 4.5 X 10-* mM MgCl. added; Curve 3, 1.0 mg. of 
ITP and no added MgCl.; Curve 4, 0.5 mg. of ATP and 6 XK 1073 m MgCl. added; 
Curve 5,0.5 mg. of ATP and no added MgCl». A, n.p before MgCl.; B, n., after MgCl; 
C, np after ITP or ATP. 


after ITP with Mg than following ATP with or without Mg is associated 
with a more rapid rate of phosphorylysis (Table IT). 

Enzymatic Phosphorylysis of ATP and ITP—Myosin and actomyosin 
are well known for ATPase and ITPase activity (7). Possibly the hy- 
drolysis of ATP or ITP is related to superprecipitation. Mg is known to 
inhibit the ATPase activity of myosin (4, 16) and has been found to in- 
hibit superprecipitation of actomyosin with ATP. Since Mg is required 
for superprecipitation by ITP, it was thought of interest to ascertain the 
effect of Mg on ITPase activity. 

The enzymatic activity was determined by measuring the increase of 
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inorganic phosphate during a 3 to 5 minute incubation of myosin and 
nucleotide at 38°. The Fiske-Subbarow method for inorganic phosphate 
was used. The tests were made in the range in which hydrolysis is pro- 
portional to time and to amount of enzyme, a minimal amount of myosin 
being added to 2 ml. of solution containing 1 to 2 um of ATP or ITP as 
potassium or sodium salt, and 0.06 m histidine buffer of the desired pH. 
The reaction was stopped by adding trichloroacetic acid to a concentration 
of 4 per cent. The results are expressed as Qp, which represents the 
microliters of a hypothetical gas (H3;PQ,) equivalent to the micrograms of 
P liberated per mg. of protein per hour (17). Protein concentration was 
determined by the Kjeldahl procedure. Experiments were run at the high 
KCl concentration (0.55 m), at which optimal activity is said to occur, and 
at the low concentration (0.15 Mm), at which superprecipitation occurs. 
The 0.06 m histidine buffer, through more effective binding of heavy metals 
or some unknown mechanism, gave on the average 30 per cent greater 


TaBLeE II 
Influence of Mg on IT’Pase and ATPase Activity of Actomyosin 
The incubations were made at pH 6.5. The mixtures contained 0.15 m KCl, 
0.15 to 0.35 mg. of myosin with half as much actin, and 1.5 um of substrate. The 
results are expressed as Q >; 1.e., microliters of the hypothetical gas (H;PQO,) equiv- 
alent to the micrograms of P liberated per mg. of protein per hour (16). 


ATP ITP 


No Mg 0.005 u Mg No Mg | 0.005 mu Mg 


420 110 170 | 830 


rates than 0.1 M glycine buffer. Actomyosin was prepared by adding 
actin to myosin in slight excess of the amount required to give the stoichio- 
metric proportions (10). 

Whereas Mg inhibits the ATPase activity of actomyosin, it stimulates the 
ITPase activity under conditions in which superprecipitation occurs (Table 
II). 

In the absence of Ca or Mg the rate of phosphorylysis is greater for ATP 
than for ITP; however, according to Kleinzeller, ITP is split more rapidly 
than ATP with Ca present. In consequence of these differences an ex- 
tended study of the hydrolysis of ATP and ITP by myosin and actomyosin 
was undertaken. As is shown in Fig. 4, ITP is split more rapidly than 
ATP, with Ca added, at all pH values from 6 to 9; but the effect of pH 
on the rate of substrate splitting by myosin differs for ATP and ITP. 
The latter lacks the area of depressed activity around pH 7 which char- 
acterizes the hydrolysis of ATP (18, 19). The ratio of the rates of 
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ITP to ATP splitting thus varies with pH, being greatest at pH 7.5. 
This difference between the substrates may serve to explain the anomalous 
behavior of myosin in having two pH optima of enzymatic activity (18, 
19). It seems likely that only the maximum at pH 9 represents the range 
of optimal activity for the protein. The greater activity at around pH 6, 
which appears to be an increase in enzymatic activity, may actually be the 
result of increased availability of ATP. In any event ATP, with —NH, 
and —OH dissociable groups, unlike ITP with only the —OH groups, shows 
a region of low activity between pH 6.5 and 8. Possibly an isoelectric 
point around neutrality results in altered affinity of ATP for myosin, 
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Fic. 4. Effect of pH on ATPase and ITPase activity of myosin. The solu- 
tions contained, in addition to myosin and excess substrate, 0.06 m histidine buffer 
brought to appropriate pH with KOH, KCl to make a final K concentration of 0.15 
M, and 0.01 m CaCl2. When Qp values greater than 4000 were anticipated, 0.02 
mg. of protein was used; otherwise 0.04 mg. was used. 


with a resultant decrease in rate of phosphorylysis. It has not been 
possible to determine the effect of pH on the affinity of myosin for ATP, 
for the Michaelis constant is below the range of accuracy of the method; 
2.e., less than 0.05 mo per liter. 

Table III summarizes several experiments in which the effect of Mg and 
Ca on the enzymatic activity of myosin and actomyosin was studied at three 
significant pH values. The results presented are averages of two to five 
determinations on a single batch of myosin and actin. 

Mg antagonizes the Ca activation of the enzyme, causing about 70 
per cent inhibition of the rapid ITPase and 90 per cent inhibition of the 
relatively slower ATPase activity. From a comparison of Tables IT and 
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III, it appears that with Mg in the system the rate is the same whether 
Ca is added or not. 

The observed Mg inhibition of synthetic actomyosin is in accord with the 
results of Mommaerts and Seraidarian (19), who obtained inhibition of 
actomyosin by Mg in the presence of Ca at pH 7. However, the data 
reported here are not in agreement with the results of Szent-Gyérgyi 
(4) on natural actomyosin or those of Kielley and Meyerhof (20) on syn- 
thetic actomyosin in which Mg by itself was stimulatory. In experiments 
to be reported in detail elsewhere, it has been found that Mg activates 
synthetic actomyosin in the absence of Ca at pH 7.7 (but not at pH 6 
and 9) at K concentrations less than 0.03 m. Mg neither inhibits nor 


TaBLeE III 


Effect of Mg on Calcium-Activated Hydrolysis of ATP and ITP by Myosin 
and Actomyosin 


The values are expressed as Qp. The tests were made where the rate of hy- 
drolysis was linear, with 0.02 to 0.05 mg. of myosin, depending on the anticipated 
rate, and 1 to 2 um of ATP or ITP in 2 ml. of 0.06 om histidine buffer. The concen- 
tration was 0.01 m for CaCl: and 0.005 m for MgClz. 


ATP ITP 


pH 0.15 w KCl 0.55 mw KCl 0.15 mu KCl 0.55 mu KCl 


Ca |Ca+Mg) Ca |Ca+Mg| Ca |Ca+Mg! Ca Ca + Mg 


Myosin 6.0 | 1820 160 | 1040 15 | 2570 490 | 1880 80 
7.4 980 120 680 0 | 4040 560 | 1990 170 
9.2 | 4740 250 | 2280 190 | 7160 | 1230 | 4280 650 

Actomyosin | 6.0 | 1530 50 | 1100 70 =| 2770 820 | 3000 640 
7.4 | 1020 110 650 50 | 4360 810 | 2810 820 
9.2 


5210 250 | 2610 230 | 9410 | 1580 | 6680 | 1662 


activates natural actomyosin at pH 7.1 at K concentrations as high as 
0.12 mM. 

Certain other points of interest are evident in Table III. The phos- 
phorylytic activity in our tests was found to be greater at the low than at the 
high salt concentration. Actomyosin prepared from this batch of myosin 
repeatedly gave higher ITPase values than the myosin alone; however, 
other preparations of the proteins have failed to show this difference. It 
is known that Ca accelerates the ATPase activity of myosin (21, 22). 
Tables II and III show that Ca produces a great increase of ITPase as 
well as ATPase activity. 

The more rapid hydrolysis of ITP than of ATP with Ca present is associ- 
ated with a lesser affinity of ITP for the enzyme. ‘Thus, the rate of inor- 
ganic phosphate liberation in a solution containing ATP and ITP equally 
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in excess is that of the ATP (Table IV). The affinity is also greater for 
ATP than for ITP in the presence of Mg, with or without added Ca. 
These results indicate also that a single enzyme reacts with both sub- 
strates. 

Since Mg activates the enzymatic cleavage of ITP by actomyosin and 
Mg is required for the physiological reactions of the muscle proteins with 
ITP, it appears that this cation is needed for the nucleotide to combine with 
actomyosin. Certainly hydrolysis of high energy phosphate, such as occurs 
in the presence of Ca, is not alone sufficient for superprecipitation to occur, 
but other conditions, satisfied for ITP by Mg, must be met. A possible 
mechanism for the Mg effect may be that a Mg-ITP complex is formed, 
perhaps through substitution for the missing NHe2 group of ATP, which 
possesses the proper affinity to actomyosin for superprecipitation to occur. 


TaBLeE IV 
Hydrolysis of Mixture of ATP and ITP 


The tests contained 0.15 m KCl, 0.06 m histidine, pH 9.2, actomyosin, and excess 
of ATP and ITP in equal concentration. The concentration was 0.01 m for CaCl; 
and 0.005 m for MgCl.. The results are expressed as Q>p. 


Addition ITP ATP + ITP ATP 


The requirement of a 1:1 molar ratio of ITP and Mg is in harmony with the 
thesis of complex formation. 


SUMMARY 


1. Inosinetriphosphate causes superprecipitation of actomyosin if mag- 
nesium is added in a quantity approximately equimolar with the nucleotide. 
ITP with Mg causes contraction of myosin B threads and glycerol-treated 
muscle fibers. Formerly adenosinetriphosphate was the only compound 
known to cause these phenomena. Mg is required for ITP to cause a 
reduction in viscosity of actomyosin equal to that caused by ATP. 

2. If Mg is required for superprecipitation by ATP, the amount is 2000 
times less than that required by ITP. 

3. Amination of ITP to ATP is eliminated as the mode of action of ITP. 

4. At the salt concentration and pH producing superprecipitation, Mg 
activates the ITPase and inhibits the ATPase activity of actomyosin. 
The Ca activation of the hydrolysis of both ITP and ATP is inhibited by 
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Mg. The ITPase activity of actomyosin with Ca present is optimum at 
but one pH, in contrast to the two optima for ATPase activity. 
5. Actomyosin has a greater affinity for ATP than for ITP. 


The authors acknowledge with pleasure the helpful interest taken by 
Dr. Koloman Laki in this investigation. 
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METHIONINE REVERSAL OF 2-CHLORO-4-AMINOBENZOLC 
ACID INHIBITION IN ESCHERICHIA COLI* 


By C. H. WANG, TSOO E. KING, VERNON H. CHELDELIN, anp 
BERT E. CHRISTENSEN 


(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 
(Received for publication, May 19, 1950) 


During recent years many experiments have demonstrated the useful- 
ness of antimetabolites for studying routes of metabolism. Competitive 
inhibitors have been used to block specific enzyme systems and to es- 
tablish enzyme-substrate relationships, and the compounds produced by 
the action of these enzyme systems have been characterized through their 
ability to enhance the reversal of the inhibitors by the metabolites in ques- 
tion. When a given product can replace the original metabolite altogether 
as a reversing agent, it is often assumed to be the only product formed 
from the metabolite or enzyme system involved (1). However, confirma- 
tion of this type of experiment by more direct means, 1.e. by showing that 
in the presence of an inhibitor an organism can use only the exogenous 
metabolite for growth, has thus far been lacking. An experiment was 
therefore devised to settle this point. 

It has been reported that 2-chloro-4-aminobenzoic acid (CAB) inhibi- 
tion in Escherichia coli can be reversed by p-aminobenzoic acid (PAB), 
methionine, or pantothenic acid (2-4). The action of PAB against CAB 
is competitive. Methionine can enhance the reversing power of PAB, or 
even replace it completely. Shive and Roberts (3) have thus regarded 
methionine as a product of an enzyme system which is inhibited by CAB. 

In an experiment designed to study the methionine-pantothenic acid re- 
lationship in FE. coli (which will be reported elsewhere), the methionine- 
CAB relationship was also investigated. FE. coli cells were grown in the 
presence of CAB and an exogenous:source of methionine containing C" in 
the methyl group. The methionine in the cells after growth contained 
approximately the same specific radioactivity as that which was introduced 
into the basal medium. It was therefore concluded that synthesis of me- 
thionine was completely inhibited by CAB. 


* This research was conducted under contract No. N8-onr-73501, between the Office 
of Naval Research and Oregon State College, and was supported in part by the United 
States Atomic Energy Commission. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College, Research paper No. 164, School of Science, Department of Chemistry. 

A preliminary report of this work was presented at the Northwest Regional meet- 
ing of the American Chemical Society at Richland, Washington, June, 1950, 


753 


754 METHIONINE KEVEKSAL OF CAB IN E. COLI 


EXPERIMENTAL 

Synthesis of C“H;-Labeled Methtonine—This synthesis was carried out 
according to the method of Melville, Rachele, and Keller (5). 1 mce. of 
radioactive methyl] iodide was first introduced into the system and then 
diluted with non-radioactive methyl iodide to a volume of 0.42 ml. for the 
completion of the reaction. The t-methionine thus prepared had a total 
radioactivity, after correction for self-absorption and background, of 9.45 
X 10’ c.p.m., m.p. 283° with decomposition. Yield, 855 mg. (83 per cent 
on the basis of the S-benzyl-L-homocysteine used). 

Synthesis of 2-Chloro-4-aminobenzoic Acid'—In some of the preliminary 
experiments the CAB used was generously supplied by Dr. F. B. Strand- 
skov, Wallace and Tiernan Company, Belleville, New Jersey. Later it 
was synthesized as needed. The product melted at 216° (corrected). 

Measurement of Radioactivity—Radioactivity measurements were made 
with a thin mica window Geiger-Miiller counter and a scaler. Samples 
for counting were prepared by two different methods. For solid materials 
such as methionine and dried cells, an appropriate amount was converted 
to BaCO;, according to the method of Dauben, Reid, and Yankwich (6). 
The BaCO; was then ground to a fine powder in 95 per cent alcohol and 
mounted for counting in Tracerlab nickel-plated steel planchets, according 
to the technique described by Calvin et al. (7). Self-absorption correc- 
tions were applied in the conventional manner with a calibration curve pre- 
pared for the present study. With liquid samples such as the cell hydrol- 
ysates, an aliquot of each solution was pipetted into a Pyrex glass cup and 
evaporated under an infra-red lamp to a uniform deposit for counting. 
The amount of solid residue thus obtained was always less than 1 mg. and 
was deposited as a very thin film. No self-absorption correction was neces- 
sary. ‘Two samples, run by both the combustion and the direct deposition 
methods, gave the same specific activity within experimental error. 

Isolation of Cells—The growth of E. coli (ATCC 6522) was carried out 
under conditions similar to those previously reported (8). After many pre- 
liminary runs, the modification described below was found most suitable; 
it gave a clear and colorless medium after sterilization. The medium was 
prepared as follows: 50 gm. of Na,SQ,, anhydrous, 50 gm. of NH,Cl, 40 
gm. of KH2PQ,, anhydrous, 1 gm. of Fe2(N H,4)2(SO,)3-7H20, and 2.5 gm. of 
MgS0O,:7H:20 were dissolved in 5 liters of distilled water, adjusted to pH 
7.0, steamed 20 minutes, and then cooled to room temperature and filtered. 
5 liters of the salt solution were diluted with 4 liters of distilled water in a 
12 liter round bottom Pyrex flask, and the mixture was sterilized at 120° 
for 1 hour. In separate flasks 100 gm. of glucose in 600 ml. of water and 


1CAB (2-chloro4-aminobenzoic acid) is commercially available at the Krishell 
Laboratories, Portland, Oregon. 


M 
T 
R 


8C 
st 
ju 
m 
in 
lit 
W 
ti 
pe 
S 
e 


WANG, KING, CHELDELIN, AND CHRISTENSEN 755 


80 mg. of labeled methionine (adjusted to pH 7.0) in 100 ml. of water were 
sterilized in the same manner. 5 gm. of CAB in 250 ml. of water, ad- 
justed to pH 7.0, were filtered through a sterilized ultrafine Pyrex sintered 
glass funnel. The solutions were transferred aseptically and mixed im- 
mediately prior to inoculation. 50 ml. of 1:1000 dilution of E. coli 
inoculum culture were then added (8) and the mixture (total volume 10 
liters) was incubated at 36° + 2° for 14 to 18 hours. 

At the end of the incubation period, the cells from 40 liters of medium 
were separated in a Sharples supercentrifuge, operated at about 35,000 
r.p.m. with a flow rate of about 200 ml. per minute. Under these condi- 
tions, the filtrate possessed an optical density of 0.05 to 0.08. It was im- 
possible to obtain a perfectly clear filtrate. The cells were washed with 


TaBLeE I 
Radioactivity and Methionine in HCl Hydrolysates of E. coli* 


Experiment I Experiment II 


Weight of cells in sample, mg.................... 179 230 
Methionine in ether-extracted hydrolysate, mg.. . 3.82 4.35 
Total radioactivity of hydrolysate, c.p.m........ 5.0 <X 105 4.2 X 10 
Radioactivity based on methionine content, 

C.p.m. per MM......... 1.95 X 107 1.44 X 10’ 
Specific activity of methionine added, c.p.m. per 


Specific activity of methionine added ” 


* The growth medium (40 liters in each experiment) contained 20 gm. of CAB 
and 320 mg. of methionine. 4.5 and 3.5 gm. of cells were isolated, respectively, in 
each experiment. 


500 ml. single strength medium without glucose, followed by 500 ml. of 
distilled water, flowing at about 50 ml. per minute. The cells in the cen- 
trifuge cylinder were scraped out and finally rinsed out with 100 ml. of 
distilled water. ‘The suspension was then separated in an ordinary centri- 
fuge at about 3600 r.p.m. for 3 hours. The cells were finally resuspended 
in distilled water and diluted to 50 ml. 

After autolysis and digestion with taka-diastase and papain (9) to lib- 
erate pantothenic acid (for use in the separate study mentioned above), the 
cell residues were centrifuged and washed three times with 50 ml. of distilled 
water in order to remove water-soluble cellular components, together with 
traces of added methionine. They were finally dried in a vacuum desic- 
cator over P,O,; to constant weight. 


pecihic g of methionine in cells 
i 


756 METHIONINE REVERSAL OF CAB IN BE. COLI 


Determination of Methionine—The methionine content of the cells was 
determined microbiologically with L-methionine as the standard (10), as 
listed in Table I, after hydrolyzing each sample with 6 N HCl for 8 hours, 
or with constant boiling HI. 

Treatment of C“H;-Labeled Methionine Fraction—A portion of the cells 
was extracted with ether to remove ether-soluble radioactive materials, 
The residue was then hydrolyzed with HCl, filtered, and again extracted 
with ether to remove bound ether-soluble radioactive compounds. The 
radioactivity and methionine content of the aqueous phase were deter- 
mined and the specific activity of methionine from the cells was calculated, 

Hydrolysis with Hydriodic Acid—This was carried out according to 
Baernstein’s method (11). The time of hydrolysis is indicated in Table II, 


TaBLe II 
Effect of HI Hydrolysis upon Methionine and Radioactivity of E. coli Cells 


Experiment II 


Experiment I 
Sample A Sample B 
6 10 24 
Methionine in cella, %....................: 2.3 | 2.2 2.2 
0 0 0 
Homocysteine after hydrolysis, % (11)...... 1.9 1.8 2.1 
Radioactivity in filtered hydrolysate, % ac- | 
| 2.3 | 1.3 | 0.25 


RESULTS AND DISCUSSION 


In this study the specific activity of the methionine in the hydrolysate 
has been used to determine whether dilution of methionine occurred during 
growth; z.e., whether some synthesis of methionine by the organism took 
place. (If this did occur, it might easily be undetected in ordinary inhibi- 
tion studies. ) 

Although methionine was not actually isolated from the E. coli cells, 
the data in Tables I and IT indicate that this compound is the preponderant, 
if not the sole, contributor of radioactivity to the ether-extracted HCl hy- 
drolysates. Treatment of the cells with HI, as in Table II, resulted, in 
the complete destruction of methionine and virtually complete removal of 
radioactivity from the aqueous hydrolysate, and the recovery of homo- 
cysteine (11) was good. (A portion of the radioactivity remained in the 
water-insoluble residue after hydrolysis; this will be discussed in a separate 
communication (12).) Other radioactive amino acids, if present, should 


have retained activity after HI hydrolysis, and it may be concluded that 
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4S fF the radioactivity of the HCl hydrolysate was due only to methionine. The 
AS calculated ratios of specific activities of methionine in the HCl hydrolysates 
8, were 1.18 and 0.87 for the two samples in Table I, and it is therefore evi- 
dent that the methionine added was not diluted significantly during growth 
Is of the organisms. 

s. In order to check upon the possibility that the liberal quantities of me- 
d thionine used might have suppressed biosynthesis of this amino acid even 
e in the absence of the inhibitor, a separate batch of cells was grown without 
r- | CAB in the presence of radioactive methionine which possessed a specific 
L. activity of 1.0 * 10° ¢.p.m. per mg. The methionine content of the har- 
0 | vested cells was 2.3 per cent by microbiological assay. However, the ac- 
. tivity of 43 mg. of these cells (containing 1 mg. of methionine) was only 
5.1 & 10* e.p.m. The radioactive methionine therefore constituted no 
more than 51 per cent of the total methionine in these cells. The cells in 
this experiment were not extracted with ether (see above), so that the ac- 
tual proportion of (exogenous) radioactive methionine present was probably 
somewhat less than 50 per cent. Thus, although considerable utilization 
— was made of exogenous methionine in the absence of CAB, one-half or more 
of the methionine in the cells appeared as a result of biosynthesis. 

The present results thus directly confirm the contention (3) that CAB 
operates to prevent inethionine synthesis in E. colt. With the direct meas- 
urements used here, it is possible to state further that this inhibition is com- 
plete within the limits of experimental error, and that, even when good 
growth is obtained in the presence of the inhibitor, it results exclusively 
from the exogenous metabolite. This indicates that the utilization of 
methionine proceeds more rapidly than its synthesis, a conclusion which is 
consistent with the observation that, in the absence of CAB, methionine 
stimulates growth of E. coli? 


SUMMARY 


Methionine, containing C"™ in the methyl group, was employed to reverse 
2-chloro-4-aminobenzoic acid inhibition in Escherichia coli. The specific 
activity of methionine in the cells after growth was approximately the 
. same as in the methionine added to the basal medium. It was therefore 
1 concluded that synthesis of methionine was completely inhibited by CAB 
in this organism, even when sufficient exogenous methionine was present 
, to permit good growth. 


The authors wish to acknowledge, with thanks, the technical assistance 
of Marjorie M. Kaufman and Robert F. Labbe. 


2 King, T. and Cheldelin, V. H., unpublishec “bservations. 
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INCORPORATION OF C* FROM METHIONINE INTO 
FATTY ACIDS OF ESCHERICHIA COLI* 


By C. H. WANG, VERNON H. CHELDELIN, TSOO E. KING, anp 
BERT E. CHRISTENSEN 


(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 
| (Received for publication, May 19, 1950) 


In the preceding paper (1) studies were carried out upon Escherichia coli 
in which a growth inhibitor, 2-chloro-4-aminobenzoic acid (CAB), was used 
to make this organism dependent upon an exogenous source of methionine 
during the early stages of growth. The present brief report shows that 
with methyl C-labeled methionine, an appreciable percentage of the 
radioactivity becomes incorporated into the fatty acid fraction of the cells. 


EXPERIMENTAL 


E. coli (ATCC 6522) was grown in the presence of CAB and C'H;- 
labeled methionine. The cells were removed by centrifugation, auto- 
lyzed, and dried. Samples of the autolyzed cells after hydrolysis gave 
assay values for methionine which represented only about half of the radio- 
activity of the cells. Since it was possible that this might be accounted 
for on the basis of racemization, the cells were hydrolyzed in constant 
boiling HI and methionine was determined from both the methyl iodide 
and homocysteine liberated. These values were essentially the same as 
those obtained from microbiological assay. It was noted during this ex- 
periment that a water-insoluble residue was formed which was highly 
radioactive. This material was separated into two fractions, one of which 
was ether-soluble and the other a black, ether-insoluble humin material; 
both were radioactive. 

Another aliquot of the autolyzed cells was extracted directly with ether, 
and a considerable amount of radioactive material was removed. The 
cells were hydrolyzed according to the method of Maguigan and Walker 
(2) with 6 n HCl, and the hydrolysate extracted with ether to remove any 
bound ether-soluble compounds. 

The ether was removed from each of the fractions, and the residue was 


* This research was conducted under contract No. N8-onr-73501, between the Office 
of Naval Research and Oregon State College, and supported in part by the United 
States Atomic Energy Commission. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College, Research paper No. 165, School of Science, Department of Chemistry. 

The work presented in this paper was presented at the Northwest Regional meet- 
ing of the American Chemical Society at Richland, Washington, June, 1950. 
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saponified separately with alcoholic potassium hydroxide. The aqueous 
phase was again extracted with ether to remove the unsaponifiable frac- 
tion. Some radioactive acidic material passed into the ether layer in this 
operation, so that it was necessary to reextract the ethereal solution of the 
unsaponifiable fraction with aqueous alkali. The fatty acid and other 
fractions so obtained were tested for radioactivity, as shown in Table I. 


TaBLeE 
Radioactivity of Ether-Soluble and Water-Soluble Constituents of E. coli Cells 


| Semple I Sample II 
Fraction 
Weight | radioactivity Weight | radioactivity | 
Dry cells 179 100 6.9 KX 10° 100 (230 | 100 |1.0 & 108 (100 


Ether extract of cells 


A.* Total ether-sol- | 4.8 2.73.5 X& 104 | 5.1 8.0 3.51.2 x 105 | 12.0 
uble fraction | | | 


Saponifiable 3.4) 1.92.7 X | 3.9 5.0 2.27.6 X 10 | 7.6 
Unsaponifiable 1.2 0.75.0 X 10? 0.07, 2.1 0.91.4 x 10 | 0.14 
HCl hydrolysate of cells 
B.* Aqueous frac- | 5.0 & 105 | 72.4 : 4.2 X 105 | 42.0 
tion, ether-ex- | 
tracted 
C.* Humin fraction 8.0, 4.56.0 K | 8.7} 21.7) 9.41.6 XK 10° | 16.0 
D.* Ether-soluble 12.7 7.16.2 x 10* | 9.0) 18.44 8.01.6 & 105 | 16.0 
fraction | 
Saponifiable 6.4 3.65.4 «x 104 7.8 9.2 4.01.4 & 10° | 14.0 
Unsaponifiable 3.2 1.51.0 x 103 0.14) 5.0 2.21.4 x 104 0.14 


—— 


* The total recovery of radioactive carbon (Fractions A + B + C + D) was 95 
and 86 per cent respectively. Since the precision obtainable in radioactivity meas- 
urements of materials of this type in the small quantities available for these experi- 
ments was of the order of +10 per cent, it is difficult to judge whether other radio- 
active compounds (in addition to those discussed) may have been derived from 
the methionine. 


RESULTS AND DISCUSSION 

Pertinent data on the quantities of medium, CAB, and methionine used, 
the radioactivity of the cells and the HI hydrolysates, as well as their 
methionine and homocysteine content, are given in Tables I and IL of the 
preceding paper (1). Hlowever, whereas the actual methionine content of 
the cells in duplicate experiments was 2.3 and 2.2 per cent, respectively, 
the apparent methionine content (based upon radioactivity) was 3.6 and 
4.1 per cent. Since the values by microbial assay had been verified by 
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chemical determination, the possibility of extensive racemization was 
ruled out, and it was clear that other compounds had become radioactive 
during growth of the organisms. 

The distribution of radioactivity among various fractions of E. coli 
preparations is listed in Table I. It may be seen that the amino acids 
(7.e., methionine (1)) accounted for approximately 72 and 42 per cent, 
respectively, of the total radioactivity of the two samples studied. The 
fatty acid fractions accounted for 12 and 21 per cent, and the humin for 
an additional 9 and 16 per cent, respectively. The high radioactivity of 
the humin is interesting, and, in view of its absence in the amino acids 
other than methionine, it would seem to indicate that some carbohydrate 
materials had become radioactive. 

The data in Table I indicate that part of the radioactive fatty acid 
fraction was directly extractable with ether, but that the major portion 
could be obtained only after release by HCl hydrolysis. The fatty acids 
obtained were highly radioactive, with a ‘‘neutral equivalent” of 250, 
which indicated an average chain length of about 16 carbon atoms. The 
unsaponifiable fraction, on the other hand, was nearly inert, and it seems 
likely that the activity in this fraction may have been due to small amounts 
of unrecovered fatty acids. 

The present results are not in accord with those observed in feeding rats 
methyl-labeled radioactive methionine, when only very small amounts of 
radioactive fatty acids were synthesized (3). Although the experimental 
conditions employed in the two studies were so dissimilar that direct com- 
parisons are difficult, it seems quite possible that methionine metabolism 
may take different routes in the two organisms. 


Methods 


The synthesis of C-labeled methionine, measurement of radioactivity, 
growth of bacteria, hydrolysis with acids, and determination of methionine 
were all carried out as described in the previous paper (1). 


SUMMARY 


~The administration of C™“H;-labeled methionine to Escherichia coli in 
the presence of 2-chloro-4+-aminobenzoic acid resulted in an appreciable 
incorporation of radioactivity into the fatty acids as well as into the humin 
fraction of acid-hydrolyzed cells. 
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PAPER CHROMATOGRAPHY OF STEROIDS 
II. CORTICOSTEROIDS AND RELATED COMPOUNDS* 


By ROBERT B. BURTON, ALEJANDRO ZAFFARONI,t anv E. HENRY 
KEUTMANN 


(From the Departments of Medicine and Biochemistry, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, August 21, 1950) 


In Paper I of this series (1) a method was described for the paper chro- 
matographic analysis of certain ketonic steroids as hydrazones formed 
with Girard’s Reagent T. When that technique was applied to the adrenal 
cortical hormones, however, certain deficiencies appeared. (a) The Ry», 
values of the individual steroid-Reagent T hydrazones were not sufficiently 
different to permit identification. (6b) Each compound frequently gave 
rise to two spots on the chromatogram corresponding to the mono- and 
dihydrazones, respectively. No improvement resulted, furthermore, when 
various other carbony] reagents were substituted for Girard’s Reagent T. 
These included carboxymethoxime, nicotinic acid hydrazide, N-methyl- 
8-carbohydrazide-pyridinium iodide, y-aspartyl hydrazide, and 2-quinolyl- 
hydrazine. 

Since the corticoids, as a group, possess somewhat higher water solu- 
bilities than most other ketosteroids, the chromatographic behavior of the 
free compounds in aqueous solvents was investigated. Although separa- 
tion of these steroids was obtained with systems such as benzene-water, 
undesirable “‘tailing’’ of the spots appeared. Efforts to eliminate this 
defect included the substitution of various non-polar solvents for benzene, 
the use of several grades and types of filter paper, and the preliminary 
treatment of papers with cellulose acetate,' latex (2), and chlorosilanes.’ 
These attempts were ineffective. 

Replacement of the water by certain polar organic solvents overcame 
the ‘‘tailing’”’ and, furthermore, gave greater chromatographic resolution. 


* This investigation was supported in part by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Public Health 
Service. 

t Postdoctoral Fellow, National Cancer Institute. 

1 Specimens of several grades of paper impregnated with cellulose acetates were 
kindly supplied by Mr. George A. Richter of the Eastman Kodak Company, Roch- 
ester, New York. 


2 A sample of mixed methy! chlorosilanes, obtained from Dr. Eugene G. Rochow, 
was used to treat the filter paper —, 
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The systems benzene-formamide and toluene-propylene glycol, as reported 
in a preliminary communication (3), were most satisfactory. 


Materials— 

1. Crystalline corticosteroids were used as supplied.* Small aliquots of 
the samples were dissolved in absolute methanol in concentrations of 2 to 
5 y per microliter and stored at 5°. 

2. Solvents. (a) Benzene, toluene, and absolute methanol, c.p.  (b) Pro- 
pylene glycol, Eastman Kodak Company. (c) Formamide, c.p., was ob- 
tained from Eimer and Amend, New York. A small amount of ammonia 
frequently present was removed by storage of the liquid in a desiccator 
over concentrated sulfuric acid for several days. (When colorless form- 
amide could not be secured, the technical grade was purified by distilla- 
tion in vacuo in all-glass apparatus. The distillate was subsequently 
freed of ammonia by the method described above.) 

3. Filter paper, Whatman’s No. 1, supplied in sheets 18} Xx 223 
inches. 

4. Color reagents. (a) Alkaline silver nitrate. 10 ml. of 0.1 N silver 
nitrate, 10 drops of concentrated ammonium hydroxide, and 5 ml. of 10 
per cent sodium hydroxide were mixed shortly before use. (b) Sodium 
thiosulfate, 5 per cent aqueous solution. (c) Triphenyltetrazolium chloride 
(TPTZ). A stock solution containing 0.2 per cent TPTZ in water was 
prepared and stored in the dark. Shortly before use, 2 parts of the stock 
solution were mixed with 1 part of 10 per cent sodium hydroxide. (d) 
Iodine reagent. 0.3 per cent iodine in 5.0 per cent aqueous potassium 


iodide. (e) Potassium permanganate reagent. 0.2 per cent potassium 


permanganate in 5.0 per cent sodium carbonate. 

5. Starch paste was prepared by mixing soluble starch and glycerol in a 
ratio of 9:33 (weight by weight), heating with stirring to 140°, and then 
cooling. 

6. Chromatographic apparatus. Cylindrical Pyrex chambers 12 inches 
outside diameter by 18 inches high, and plate glass covers, 15 inches 
square, ground to provide a tight seal. Ring stands with tripod bases 
were fitted with rigid horizontal platforms 14 inches from the bases. The 
bases were fitted with thumbscrews to permit leveling. Porcelain-enam- 
eled sterilizing trays, 8 X 23 X 1% inches, were used as reservoir troughs. 
Rectangular glass plates, 7 X 32 inches, were ground so that one long 
edge was smoothly rounded. 


*The crystalline steroids used in this study were generously donated by Dr. 
P. L. Julian, Dr. E. C. Kendall, Dr. C. D. Kochakian, Dr. M. H. Kuizenga, Dr. H. 
I.. Mason, Dr. E. Oppenheimer, Dr. G. Pincus, and Dr. C. R. Scholz. 
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Method 


The ring-stands were centered in the chambers and the platforms care- 
fully leveled, with a spirit level, by adjusting the thumbscrews at the 
bases. Sheets of filter paper were used to line the walls of the chambers. 
These were then thoroughly wet with either benzene (formamide-saturated) 
or toluene (propylene glycol-saturated). Sufficient excess solvent was 
placed in the bottoms of the chambers to keep the lining paper wet, thus 
insuring saturation of the atmosphere with respect to the volatile solvent. 
Separate chambers were designated for use with each solvent system. 
Starch paste was liberally applied to the ground edge of the chambers, the 
covers were tightly applied, and the apparatus was allowed to stand for 


Fic. 1. Arrangement of apparatus for chromatography 


at least 1 hour before use to permit equilibration. The chambers were 
kept at a temperature of 25° + 3.0°. 

The filter paper was cut into strips 42 cm. long and further subdivided to 
give several 1 cm. wide limbs attached to a common head, as shown in 
Fig. 1. The starting line was ruled 12 em. from the upper edge in each 
case. The paper was then dipped in the formamide or propylene glycol 
(depending upon the volatile solvent to be used) and the excess liquid was 
removed by rolling the strip between dry filter paper through a clothes 
wringer. 

The steroid solutions were applied to the starting line of the chromato- 
grams. A stream of air was used intermittently to evaporate the methanol 
quickly and thus to limit the diameter of the area of application to 0.5 
ecm. or less. 

The head of the chromatogram was placed upon a glass plate, the 
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uppermost edge of the paper being carefully aligned with the non-ground, 
long edge of the plate. The plate and paper were placed in the trough in 
the manner shown in Fig. 1. A measured volume, 250 or 350 ml., of 
either benzene (formamide-saturated) or toluene (propylene glycol-satu- 
rated) was added to the trough. <A spatula was drawn against the portion 
of the paper supported upon the glass plate to express trapped air bubbles 
and to assure uniform contact of plate and paper. The chamber cover 
was then reapplied, care being taken to assure a completely gas-tight seal. 
The arrangement of the apparatus is illustrated in Fig. 1. 7 

The period of development varied with the compounds being analyzed, 
the solvent system used, and the volume employed in the reservoir trough. 
At the end of the period the paper was removed from the chamber and 
dried in front of a warm air fan until all the formamide or glycol was 
evaporated, an interval of 6 to 8 hours. 

The dry strips were then treated with one of the color reagents to detect 
the steroid positions. When the alkaline silver reagent was used, the 
strips were immersed in the solution for an instant and then removed. 
Sufficient time was allowed for maximum color production, whereupon the 
strips were washed, first in thiosulfate and then in water, to prevent back- 
ground color. A similar procedure was followed when TPTZ was used, 
but the thiosulfate washing was omitted. When the iodine or permanga- 
nate was used, the strips were quickly immersed in the reagent and then 
washed repeatedly in water until the background was colorless. The 
distances from the starting line to the centers of the spots were measured. 


RESULTS AND DISCUSSION 


The positions of the free steroids on typical chromatograms developed 
with toluene-propylene glycol for several intervals of time are diagrammed 
in Fig. 2. From these data the time of development required for the 
separation of various mixtures of these compounds may be inferred. 

It was found that the rates of movement of the steroids were dependent 
upon the number and nature of the oxygen functions in the molecule. 
11-Desoxycorticosterone, a C03 steroid, moved faster than the CxO, 
compounds, and these, in general, faster than the C205. Exceptions were 
noted in the cases of pregnane-3 , 12 ,21-triol-20-one and A‘-pregnene-17a,- 
20 ,21-triol-3-one, two C04, compounds moving less rapidly than 11- 
dehydro-17-hydroxycorticosterone, a C2,0; compound. This probably oc- 
curred because hydroxyl groups exerted greater polar effect than ketone 
groups, as is further illustrated by the slower movement of 17-hydroxy- 
corticosterone compared with 11-dehydro-17-hydroxycorticosterone (C20s5 
series) and of corticosterone compared with 11-dehydrocorticosterone (C204 
series). The separations of 11-desoxy-17-hydroxycorticosterone from corti- 
costerone and of A‘-pregnene-17a , 20 ,21-triol-3-one from A‘-pregnene-178 ,- 
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20 ,21-triol-3-one suggest that this influence of the hydroxyl groups may be 
modified by position and spatial configuration. 

During the time intervals required to obtain adequate separation of 
these compounds, the moving solvent overran the paper strips. FR, values, 
consequently, could not be determined. In order to obtain an index of the 
relative positions of the various compounds, ratios expressing their move- 
ments with respect to 11-desoxycorticosterone were evaluated. When 
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Fig. 2. Diagrams of the positions of free steroids chromatographed in toluene- 
propylene glycol for several time intervals. The solvent volume in the reservoir 
was 350 ml. in all cases. I, 11-desoxycorticosterone; II, 11-dehydrocorticosterone; 
III, corticosterone; IV, 11-desoxy-17-hydroxycorticosterone; V, pregnane-3, 21 -diol- 
11,20-dione; VI, 11-dehydro-17-hydroxycorticosterone; VII, pregnane-3,12, 21-triol- 
20-one; VIII, 17-hydroxycorticosterone; IX, A‘-pregnene-17 8, 20,21-triol-3-one; X, 
A‘-pregnene-17a, 20, 21-triol-3-one. On Strips A, B, and C, compounds I to VIII 
were chromatographed as a mixture. Compounds not shown on Strips B and C 
have run off the chromatograms. Strip D illustrates resolution of the stereoisomers 
IX and X. 


possible, 11-desoxycorticosterone and the other steroids were chromato- 
graphed as a mixture and the ratio of their absolute movements (measured 
to the center of the spots) calculated. The ratios of very polar steroids 
could not be determined in this way, since 11-desoxycorticosterone ran off 
the strip before the other compound moved a significant distance. The 
ratios with respect to 11-desoxycorticosterone in these cases were calculated 
indirectly from the common ratios with respect to a steroid of interme- 
diate speed. For example, 


Movement of 17-hydroxycorticosterone 


Movement of 11-desoxycorticosterone 
movement of 17-hydroxycorticosterone _ movement of 11-dehydrocorticosterone 


movement of 1l-dehydrocorticosterone movement of 11-desoxycorticosterone 
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In Table I are summarized the sequence of movement of the free steroids, 
the number and nature of their oxygen functions, and their ratios with 
respect to 11-desoxycorticosterone on chromatograms developed with tol- 
uene-propylene glycol. 


“ 


TABLE I 
Free Steroids Chromatographed in Toluene-Propylene Glycol in Order of Decreasing 
Movement 
No. of polar in 
oluene- 
to 11-desoxycorti- 
Carbonyl | Hydroxy costerone 
11-Desoxycorticosterone CnO; 1.000 
11-Dehydrocorticosterone C2104 3 1 0.500 
Corticosterone - 2 2 0.204 
,) 11-Desoxy-17-hydroxycorticosterone 2 0.140 
Pregnane-3, 21-diol-11,20-dione 2 
A‘-Pregnene-176, 20, 21-triol-3-one 1 3 0.052 
A‘-Pregnene-17a, 20, 21-triol-3-one 1 3 0.041 
11-Dehydro-17-hydroxycorticosterone Cn 05 3 2 
Pregnane-3, 12, 21-triol-20-one C210, 1 3 0.031 
17-Hydroxycorticosterone C210; 2 3 0.017 
* Indicates compounds not separated. 
TABLE II 
Comparison of Resolving Power of Toluene-Propylene Glycol and Benzene- 
Formamide 
Movement ratios in 
Steroid pairs 
Benzene-formamide 
20 
17-Hydroxycorticosterone 
11-Dehydrocorticosterone | 
2.4 | 1.9 
Corticosterone ! | 
Corticosterone | | 
| 1.5 Not separated 


11-Desoxy-17-hydroxycorticosterone 


When benzene-formamide was used, development was carried out for 
intervals similar to those indicated for the toluene system. Although the 
same sequence of movement of the steroids was observed, the separation 
of the various compounds was less satisfactory. 11-Desoxy-17-hydroxy- 
corticosterone, for example, could not be separated from corticosterone. 
A quantitative comparison of the resolving power of the two solvent 
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systems is offered in Table II. Each steroid pair was chromatographed 
as & mixture and the ratios of the distances the compounds moved were 
calculated for each system. 

‘The steroid esters moved more rapidly than the parent free compounds, 
with propionates faster than acetates, as was expected from the in- 
creased solubility in non-polar solvents conferred by the added carbon 
residue. Monoesters presented the same sequence of movement as did 
the free compounds. The diesters had such a high rate of movement in 
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Fic. 3. Diagrams of the positions of steroid esters chromatographed in benzene- 
formamide for several time intervals. The solvent volume in the reservoir was 350 
inl. in all eases. I, 11-desoxycorticosterone-21-acetate; II, 11-dehydrocorticosterone- 
21-acetate; III, corticosterone-21-acetate; IV, 11-desoxy-17-hydroxycorticosterone- 
2l-acetate; V, 11-dehydro-17-hydroxycorticosterone-2l-acetate; VI, 17-hydroxy- 
corticosterone-2l-acetate; VII, 11-dehydro-17-hydroxycorticosterone-21-propionate ; 
VIII, 17-hydroxycorticosterone-21-propionate. On Strips A and B, compounds 
| to VI were chromatographed as a mixture. Compounds not shown on Strip B 
have run off the chromatogram. On Strip C, compounds VII and VIII were chro- 
matographed as a separate mixture. 


these solvent systems that they were not separated from each other but 
were carried with the advancing front. 

In Fig. 3 are presented several diagrams of ‘iseietieaanaen of mixtures 
of steroid esters run in benzene-formamide for several intervals of time. 
The chromatography of steroid esters was of particular use in separating 
mixtures of certain compounds which could not be resolved in the free 
form, such as 11-desoxy-17-hydroxycorticosterone and pregnane-3 , 21-diol- 
11 ,20-dione. 

A disadvantage in the chromatography of steroid esters, in addition to 
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the non-separation of individual diesters, lay in the poorer resolution of 
‘monoesters compared to the free compounds. This was related, in part, 
to the greater diffusion of the spots, as is evident in the diagrams. 
While sequence and ratios of movement of the various compounds re- 
mained constant, several factors contributed to variation in the absolute 
distance the steroids moved in the same solvent system from run to run. 
The most important of these was the amount of stationary solvent present 
in the papers during development. When the formamide or glycol was 
diminished by repeated blotting or by exposure of the impregnated papers 
to air for prolonged periods, the rates of movement increased. When the 
amount of these solvents was increased by less vigorous blotting, the 
movement of the steroids was slowed. In practice, by following a rela- 


TaBLeE III 
Color Reagents Used in Detecting Positions of Various Steroids 
Reagent Group giving color Color of spot Sensitivity 
Alkaline silver nitrate... .| a-Ketol Brown 15 


(11-Desoxycorti- 
costerone 25-30) 


(11-Dehydro-17-hy- | Blue 15 
droxycorticoster- 
one*) 
Potassium permanganate.| A‘-3-keto ora-ketol | Brown 30-70T 


or -triol-17, 20,21 


* Of the steroids here reported, this was the only compound giving a blue color. 
t The sensitivity varies with the steroid tested. 


tively constant technique and speed of handling, this variable could be 
minimized to a satisfactory degree but not entirely eliminated. Another 
important factor affecting the rates of movement was the volume of moving 
solvent in the reservoir trough in relation to the dimensions of the trough 
and supporting glass plate. When 11-dehydrocorticosterone was chro- 
matographed in toluene-propylene glycol for 24 hours with 350 ml. of 
solvent in the reservoir, the steroid ran off the paper. When 250 ml. and 
the same interval of development were used, however, 11-dehydrocorti- 
costerone was found on the lower quarter of the strip. In this connection, 
it should be emphasized that if apparatus of dimensions other than those 
described is employed experimentation will be necessary to determine 
appropriate time intervals and solvent volumes for adequate separation. 
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In Table III are summarized the data relating to the specificity and 
sensitivity of the color reactions employed in this study and the colors of 
the spots obtained with the various reagents. The sensitivity of the re- 
agents refers to the smallest amount of steroid detectable on strips 1 cm. 
wide after chromatography. When these minimum quantities were used, 
the length of the spots of free compounds was between 1.0 and 3.0 cm. and 
of esters between 2.0 and 5.0 cm., the greater length in each case being seen 
in compounds moving near the lower ends of the chromatograms. This 
diffusion effect was, of course, even greater when large quantities of steroids 
were chromatographed. 


SUMMARY 


A paper chromatographic method for the analysis of adrenal cortical 
steroids and closely related compounds has been described. The procedure 
utilizes non-aqueous solvent pairs. The systems toluene-propylene glycol 
and benzene-formamide were employed. Separation of closely related 
compounds and of their esters is described. 
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FAILURE TO FIND BOUND ASCORBIC ACID IN PLASMA* 


By FREDERICK SARGENT, 2np,t ann RALPH GOLDEN 
(From the Army Medical Nutrition Laboratory, Chicago, Illinois) 


(Received for publication, April 17, 1950) 


‘The fact that in experimental scurvy the concentration of ascorbic acid 
in the cellular elements of blood decreases more slowly than does the 
concentration in plasma (2-4) has led to the hypothesis that ascorbic acid 
might be bound! to cellular protein (5, 6). There is, however, little direct 
evidence to support such a hypothesis. Saha, Majumdar, and Guha 
(7, 8) demonstrated the presence of bound ascorbic acid (ascorbigen) in 
trichloroacetic acid filtrates of laked whole blood. Ghosh and Guha (9) 
identified a similar substance in extracts of cabbage, which would not 
dialyze through parchment or cellophane membranes. If these two sub- 
stances are similar, then ascorbic acid is bound to a relatively small non- 
dialyzable molecule. Guha et al. did not, however, indicate whether 
bound ascorbic acid was located in the cellular elements, in the plasma, or 
in both. 

Investigators disagree on the question of whether or not bound ascorbic 
acid occurs in plasma. Use of such physical methods as ultrafiltration 
(10), ultracentrifugation (11), refractometry (12), and electrophoresis (13) 
has led to conflicting results. Consequently, we undertook a systematic 
study of the physicochemical behavior of ascorbic acid in plasma, uti- 
lizing several of the physical methods previously tried in an effort to 
explore further this problem. 


Methods 


Diffusion—A small bag made of either collodion or Visking? sausage 
skin, containing 6 ml. of the test solvent, was suspended in an Evelyn 


* The investigation reported herein was initiated in April, 1946, at the Harvard 
l'atigue Laboratory, under the direction of Dr. W. H. Forbes. A preliminary re- 
port of this study was presented to the Federation of American Societies for Experi- 
mental Biology on April 18, 1950 (1). 

The opinions expressed in this paper are those of the authors and do not neces- 
sarily represent the offigal views of any governmental agency. 

t Present address, Department of Physiology, University of Illinois, Urbana, 
Illinois. 

' Throughout this paper the term ‘“‘bound ascorbic acid”’ will be used in referring 
to this hypothetical compound. 

2 The Visking Corporation of Chicago, Illinois, donated a generous supply of this 
seamless dialyzing tubing. 
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colorimeter tube which contained 6 ml. of test solvent plus ascorbic acid. 
One colorimeter tube containing a similar solution but without the sus- 
pended bag served as a heat control in each experiment. Ascorbic acid 
was determined in each of the three solutions both at the beginning and 
at the end of the diffusion by the method of Roe and Kuether (14). All 
the tests were carried out in a water bath at 37°. The rate of diffusion of 
ascorbic acid was studied in a variety of test solvents for intervals of 
time up to 2 hours. 

In order to compare the results of various experiments conducted over 
a wide range of ascorbic acid concentrations, a measure of the rate of 
diffusion was adopted which was independent of concentration; viz., the 
ratio of the diffusion gradient at time ¢ to the initial gradient (At/Ao). 
This ratio was expressed as a percentage. 

Ultratiltration—U ltrafiltration was accomplished by an adaptation of 
the centrifugal method described by Clegg (15). During centrifugation, 
which lasted 3 to 5 hours, the temperature was usually maintained by a 
refrigeration apparatus at about 5°. In a few experiments the tempera- 
ture was not controlled. In all experiments 1 ml. of 6 per cent metaphos- 
phoric acid was placed in each centrifuge tube to insure the stability of 
the ascorbic acid in the ultrafiltrate. 5 ml. aliquots of the various test 
solutions were added to each of six or eight cellophane tubes and centri- 
fuged. Ultrafiltrates containing protein, as shown by a precipitate in the 
metaphosphoric acid solution, were discarded. The protein-free ultra- 
filtrates and the test solutions remaining in the cellophane tubes were 
pooled. The volumes were measured as accurately as possible in a 25 
ml. graduate. Aliquots of the pooled solutions were analyzed for ascorbic 
acid by the phenylhydrazine method (14). Appropriate controls were 
included and similarly analyzed. 

Spectrophotometry;? Absorption Spectrum of Ascorbic Acid—The absorp- 
tion spectra of ascorbic acid in equimolar KCN, plasma diluted 1:100 
with distilled water, a solution of the amino acids mixture, 10 per cent 
(Merck), diluted 1:100 with distilled water, and 0.55 m NaCl were meas- 
ured between 220 and 320 mu. Ascorbic acid in equimolar KCN was 
then added to the diluted plasma, the diluted amino acids mixture, and 
NaCl solution, respectively, and the absorption spectra were remeasured. 
A 1.14 X 10-* m solution of ascorbic acid in equimolar KCN was used 
throughout. 

Method of Continuous Variations—The principle of the method of con- 
tinuous variations has been described by Vosburgh and Cooper (16). In 
general this method consists of measuring at a fixed wave-length the 
optical densities of equimolar solutions of two substances mixed in vary- 


* A Beckman spectrophotometer (model DU) was used. 
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ing molar ratios from 0 to 1. Since in the case of plasma the molarity is 
unknown and in the case of the amino acids solution only approximately 
known, the following procedure was adopted. The optical densities of 
various dilutions of plasma and the amino acid mixture, several ascorbic 
acid concentrations (in equimolar KCN), and ascorbic acid in equimolar 
KCN added to diluted plasma or amino acid mixture were measured at 
250, 265, and 280 my (Table III). 

Because of the absorption characteristic of plasma and amino acids in 
the ultraviolet region, it was impossible to measure accurately the ab- 
sorption spectrum of ascorbic acid in solutions of these substances more 
concentrated than 1:100. 

Determination of Ascorbigen—The method of acid hydrolysis described 
by Guha et al. (7-9, 17-19) was used with the following modifications. 
Ascorbic oxidase was omitted. The trichloroacetic acid centrifugates were 
analyzed both by the method of Roe and Kuether (14) and by an indo- 


phenol method (20). Plasma and serum were substituted for whole 
blood. 


Results 


Diffusion—The results of experiments on the rate of diffusion of as- 
corbic acid in plasma and Ringer-Locke’s solution are shown graphically 
in Fig. 1. Since the rate of diffusion was similar in fresh plasma, re- 
frigerated plasma,‘ and reconstituted plasma (Cutter) and in Ringer- 
Locke’s solution, 6 per cent metaphosphoric acid solution, and distilled 
water, the data from experiments with these two series of solutions have 
been grouped together as “plasma” and “Ringer-Locke’s solution.”” In 
all, thirty-five tests were carried out with plasma and twenty-two with 
Ringer-Locke’s solution. In twenty-one experiments with plasma in which 
diffusion was allowed to continue for 30 minutes, the standard deviation 
was +5.2 for Ago/Ao. In eleven comparable experiments with Ringer- 
Locke’s solution the standard deviation was +3.1. 

The question may be raised as to whether ascorbic acid naturally occur- 
ring in plasma diffuses at a different rate than crystalline ascorbic acid in 
aqueous solution added to plasma. Our results failed to reveal any 
difference. 

Once the rate of diffusion of ascorbic acid in plasma and in Ringer- 
Locke’s solution had been measured experimentally, it was possible to 
apply Fick’s law of diffusion to test whether or not ascorbic acid was 
diffusing freely under the conditions of these experiments. Theoretical 


‘Dr. Wolfe of the Michael Reese Hospital donated a generous supply of Kahn- 
positive citrated plasma. 
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A,/Ao values, calculated’ on the basis of the experimental data, are shown 
in Fig. 1 for comparison with the experimentally determined ratios. Three 
significant facts are apparent: Free diffusion of ascorbic acid occurs in 
either medium for about 30 minutes, the systems fail to come to equi- 
librium, and ascorbic acid diffuses more slowly in plasma than in Ringer- 
Locke’s solution. 

The latter finding, at first, seems to confirm the hypothesis that ascorbic 
acid is bound to a non-diffusible constituent of plasma. An alternative 


RINGER-LOCKE SOLUTION 
K = 0.046 


o EXPERIMENTAL ro 


VALUES 
FROM FICK'S LAW 


30 45 60 75 90 30 45 60 7 
TIME (MINUTES) 


Fic. 1. Rate of decrease of ascorbic acid diffusion gradient in plasma and in 
Ringer-Locke’s solution; experiments conducted with collodion membrane at 37° as 
described in the text. 


hypothesis, however, can be suggested; viz., that intermolecular frictional 
forces retard the rate of diffusion. Such a hypothesis is in accord with the 
observation of others (22) that the rate of diffusion of an ion can be ac- 
celerated or retarded by collision with other electrolytes or non-electro- 
lytes present in the same solution. In experiments designed to explore 
this hypothesis, the collodion sack was replaced by one of Visking’s sausage 
skin. The test solvents included plasma and various solutions of electro- 


’ The details of these calculations have been reported elsewhere by Sargent and 
Golden (21). 
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lytes and non-electrolytes. All the experiments were conducted for 30 
minutes. The results are summarized in Table I. 

With the change of membrane the difference in the rate of diffusion of 
ascorbic acid in plasma and in Ringer-Locke’s solution diminished; yet 
by the ‘?’’. test (23) it remained highly significant. Experiments with 
solutions of various derivatives of protein (Table I) revealed that, as the 
structure of the material was simplified from plasma to amigen and from 
amigen to amino acids, the rate of diffusion was essentially unchanged. 
0.55 M NaCl also retarded the rate of diffusion of ascorbic acid. In all 
these various media the diffusion of ascorbic acid was significantly slower 
than in Ringer-Locke’s solution. Therefore, the results support the hy- 
pothesis that a non-specific intermolecular frictional force can account for 
the slower rate of diffusion of ascorbic acid in plasma. 


TABLE I 


Aso/Ao for Ascorbic Acid Diffusion through Visking Membrane tn Various 
Environments at 37° 


test 
Environment 
Mean Range o t P 
9.1% amigen in Ringer-Locke’s so- 

65 (4) 61-72 +4.1 1.96 0.09 
9.1% amigen in distilled water..... 56 (4) 50-64 +5.2 2.04 0.08 
10% amino acid mixture (0.39 Mm)... 62 (5) 58-67 +3.2 0.64 0.50 
56 (8) 46-64 +5.8 1.93 0.080 
Ringer-Locke’s solutionf........... — 46 (6) 44-49 +2.0 14.2 | <0.005 


* The figures in parentheses indicate the number of experiments. 
t NaCl versus Ringer-Locke’s solution; ¢ = 3.78; P <0.005. 
t Includes tests with distilled water. 


Ultrafiltration (Table [1)—-Vhe ascorbic acid concentration in the ultra- 
filtrate, collected during two control experiments, did not differ appreci- 
ably from that in the original solution, in an aliquot maintained in an ice 
box, and in the solution from the cellophane bag. In the six experiments 
with plasma, there was with one exception little difference between the 
original ascorbic acid concentration and that of the ice box control. A 
rather large loss of ascorbic acid occurred in the plasma in the cellophane 
tubes. Appropriate controls demonstrated that the loss could not be 
attributed to a destructive action of the cellophane on ascorbie acid but 
rather to the fact that during centrifugation difficulty was experienced in 
maintaining the temperature at 5°. The influence of temperature on these 
experiments is clearly shown in the test carried out without thermal control. 
In spite of this situation, statistical analysis of the data indicated that 
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there was no significant difference between the ascorbic acid concentration 
in the ultrafiltrate and that in the final plasma contained in the cellophane 
tubes. 

Spectrophotometric Studies; Absorption Spectrum—The absorption spec- 
trum of ascorbic acid was measured in the presence of solutions of some 
of the substances which slowed its rate of diffusion. Two series of ex- 
periments were made over the range, 220 to 310 my. The spectropho- 
tometer was calibrated before each series. In the first series log « reached 
a maximum® (4.11) at 265 my when ascorbic acid in equimolar KCN was 


used. In the presence of plasma, amino acids, and NaCl, log e was also 
maximal at 265 mu, being respectively 4.13, 4.13, and 4.11. In the second 
TaBLeE II 
Summary of Ultrafiltration Studies of Ascorbic Acid in Plasma by Method of 
Clegg (15) 
A i Ascorbi i 
Environment concentration ‘acid concentration 
concentration concentration | eafitration 
oe mg. per 100 ml. | mg. per 100 ml. | mg. per 100 ml. mg. per 100 ak 
Distilled water*............... 1.75 1.75 1.80 1.84 
6% metaphosphoric acid*...... 1.18 1.05 1.02 1.00 
Plasma (Cutter)............... 3.35 2.85 2.70 2.33 
Fresh pooled plasma........... 2.50 2.20 1.90 2.05 
«“ 1.60 1.55 1.18 0.98 
1.45 1.45 1.35 1.29 


* No thermal control during centrifugation. 
tt = 0.32; P = 0.76. 


series log « was maximal at about 270 muy, being 4.16 for ascorbic acid® in 
equimolar KCN and 4.15 for ascorbic acid in diluted plasma and in dilute 
solution of amino acids. In both these series, log e, calculated on the 
basis of no reaction, agreed remarkably well with those of the standard 
ascorbic acid solution. 

Method of Continuous Variations—A typical experiment with plasma and 
an analysis of all the results are given in Table III. One may conclude 
from these data that the method of continuous variations did not indicate 


* Rosenberg (24) states that, for ascorbic acid in equimolar KCN, log « is 3.93 at 
263 my. 


— 
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any significant alteration in the ascorbic acid molecule when mixed with 

the various concentrations of plasma and amino acids used in this study. 
Acid Hydrolysis—In three experiments, no increase could be detected 

in the concentration of ascorbic acid in heated trichloroacetic acid cen- 


III 
Application of Method of Continuous Variations; Typical Experiment with Plasma at 


265 mu and Summary of All Measurements Made with Beckman Spectrophotometer 
at 250, 265, and 280 mp in Which Y Deviated Significantly 


Composition of mixture | Plasma, 265 mp Per cent 


measurement 
with Y > +3et 


Plasma or amino acids | Ascorbic acid optical density | optical density | Difference, Y 


| mg. per 100 ml. | 

1:20 0.00 2.15 | 
1:30 | 0.25 | 1.8 | 162 | 0.08 55 
1:40 0.50 | Me |. Se —0.03 33 
1:50 0.75 1.45 | 1.45 0.00 | 0 
1:60 1.00 | 1.49 | 1.50 -0.01 | 0 
1:70 | «1.28 1.59 | 1.59 0.00 | 11 
1:80 | 1.80 0.00 22 
1:90 1.75 1.88 | 1.83 0.05 11 

0 2.00 1.60 | | 


* Nine experiments were performed with the seven mixtures. In only twelve 
instances, or 19 per cent of 63 measurements, did Y exceed 3c. : 

+t The experimental error of the method was +0.02. In order for a difference, 
}, to be considered significant, it must be greater than 3 times a; 7.e., 0.02 X 3 or 
0.06. At this level the probability is 0.0027 that Y is due to chance alone (23). 


IV 


Change in Ascorbic Acid Concentration in Fresh Plasma after Treatment according 
to Method of Guha; Analyses by Indophenol and Hydrazine Methods 


Centrifugate, unboiled Centrifugate, boiled 
Phenylhydrazine Indophenol | Phenylhydrazine 
mg. per 100 ml. per 100 ml. mg. per 100ml. | mg. per 100 mi. 
1.09 | 1.13 0.52 | 0.82 
2.10 | 1.90 1.10 | 1.00 
1.20 1.19 0.90 | 0.81 


trifugates (Table IV). Agreement between concentrations as determined 
by the two analytical methods was excellent. The conclusion formed is 
that the plasma tested contained no ascorbigen (as defined by Guha 
et al.). Matusis (25) reached a similar conclusion. 
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DISCUSSION 


The results of these studies rule out the presence of Guha’s ascorbigen 
in plasma. They offer no support for the claim of Ruskin and Jonnard 
(12) that serum proteins will bind 0.5 to 0.8 mg. per ml. of ascorbic acid. 
The studies of other investigators (e.g., 26, 27) on binding of organic ions 
by proteins have indicated that one manifestation of binding was a change 
in the absorption spectrum from that characteristic of the ion in pure 
solution. This fact, together with our negative findings, indicates that 
plasma proteins probably do not bind ascorbic acid. Schubert (13), how- 
ever, claims to have shown the existence of a “loosely bound ascorbic 
acid” by electrophoresis, although his ultrafiltration experiments were 
negative. In a series of poorly controlled studies he showed that both 
ascorbic acid and albumin acted on anions and concluded that ascorbic 
acid was thus bound to albumin. His facts do not support his conclusions. 


SUMMARY 


A physicochemical and chemical study was made of the behavior of 
ascorbic acid in plasma, amino acids, and special control solutions. 

The techniques employed in the study were diffusion, ultrafiltration, 
spectrophotometry, and acid hydrolysis. 

The results of experiments by these various techniques concurred. No 
bound non-diffusible ascorbic acid could be demonstrated in plasma. 


We are especially grateful to Dr. R. E. Johnson, Dr. D. MacFadyen, 
and Dr. R. R. Sealock for their encouragement and advice during the prog- 
ress of these studies and for their assistance in preparing this report. To 
Dr. William H. Forbes, under whose direction the problem was first at- 
tacked, the senior author is indebted for a working hypothesis for the 
investigation. 
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A CHROMATOGRAPHIC METHOD FOR THE DETECTION OF 
TRYPTOPHAN METABOLITES* 


By MERLE MASON anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City, Iowa) 


(Received for publication, July 31, 1950) 


During the course of investigations involving the action of tissue slices 
on tryptophan, the aqueous medium in which t-kynurenine sulfate had 
been incubated with kidney slices was found to have acquired a marked 
bluish violet fluorescence. Subsequent investigation showed that several 
known metabolites of tryptophan fluoresce when suitably exposed to 
ultraviolet light. Advantage has been taken of this behavior and of 
separation by paper chromatography to identify a number of the prod- 
ucts formed when tryptophan and certain of its metabolites are incubated 


with slices of rat liver or rat kidney. This communication describes our 
observations. 


EXPERIMENTAL 


Materials—The u-tryptophan and the t-kynurenine employed were from 
lots whose preparation and purity have been described elsewhere (1). 
The kynurenic acid was a synthetic product purchased from Hoffmann-La 
Roche, Inc. It melted at 270°, as compared with published values ranging 
between 257-278° for kynurenic acid produced in the animal body (2). 
It behaved like the natural product on chromatographic analysis. The 
synthetic xanthurenic acid! melted at 286—288° and gave an intense green 
color with ferric chloride. Lepkovsky et al. (3) record 288° as the melting 
point of xanthurenic acid isolated from rat urine. The anthranilic acid 
was an Eastman Kodak Company product which had been recrystallized 
twice from water. 

The 3-hydroxyanthranilic acid was prepared essentially as directed in 
references cited by Bray et al. (4). Its melting point of 250-254° agreed 
well with reported values (4, 5). The a-hydroxy-p.L-tryptophan was from 
a lot synthesized by Kotake, Sakan, and Miwa (6).? 


* Most of the data in this paper are taken from a dissertation submitted in June, 
1950, by Merle Mason in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State Uni- 
versity of Iowa. The work was aided by a grant from the Nutrition Foundation, 
Inc. 


1 Kindly provided by Dr. Curt C. Porter of the Merck Institute for Therapeutic 
Research. ! 


? Made available through the courtesy of Dr. Osamu Hayaishi of the Institute 
for Enzyme Research at Madison, Wisconsin. 
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Tissue Preparations—Tissue slices were prepared from the livers and 
kidneys of healthy well fed albino rats with the aid of a Stadie-Riggs slicer. 
Prior to weighing, they were kept in covered Petri dishes surrounded with 
crushed ice. Before use, they were washed with Krebs-Ringer-phosphate 
solution, pH 7.4. 

Incubation—Approximately 800 mg. of liver slices or 400 mg. of kidney 
slices were placed in each test vessel and covered with 2 ml. of Krebs- 
Ringer-phosphate buffer, pH 7.4. To this was added 1 ml. of a solution 
which contained 1 mg. of the test substance in Krebs-Ringer-phosphate 
solution, adjusted to pH 7.4. The contents were incubated for 3 hours at 
37° in an atmosphere of oxygen. 

Chromatographic Procedure—5 to 10 ul. aliquots of the media from the 
Warburg vessels were placed, without deproteinization, in spots approxi- 
mately 5 cm. from one end of 2.5 X 40 cm. strips of Whatman No. | filter 
paper. The strips were placed in an air-tight vessel and subjected to ir- 
rigation by capillary ascent (7) with a solvent mixture consisting of 4 vol- 
umes of methanol and 2 volumes each of n-butanol, benzene, and water. 
After 10 to 12 hours, the strips were removed, dried in air at room tem- 
perature, and examined for fluorescence under a Hanovia Inspectolite. 

Deproteinization and removal of ions were found unessential; hence 
they were avoided lest they introduce complications. To compensate 
for any possible influence of the protein and ionic components in the media 
(or of other factors) upon the migration, control tests were run simultane- 
ously. In these, the metabolites were mixed with media in which liver or 
kidney slices had been incubated with the buffer solution alone. In each 
instance, the same quantity of metabolite was used as in the experimen- 
tal flask, and the same volume of mixture was employed for chromato- 
graphing. 


Results 


The chromatographic patterns obtained in the tests are shown in Fig. 
1. The spots are reproduced diagrammatically, because they differed 
markedly in color and intensity of fluorescence (see Fig. 1, legend), and 
consequently the photographic reproduction of some of them was poor. 
In the few instances in which different substances had nearly the same 
migration rate, divergence in color definitely aided identification. 

Strips 1 and 8 show the relative positions taken when kynurenine, a- 
hydroxytryptophan, kynurenic acid, xanthurenic acid, 3-hydroxyanthran- 
ilic acid, and anthranilic acid were added separately to control Warburg 
flasks in which liver (Strip 1) or kidney slices (Strip 8) had been incubated 
with the buffer solution alone. 

The fluorescence of anthranilic acid and its 3-hydroxy derivative is well 
known (4, 8). Kynurenine sulfate shows no fluorescence in aqueous solu- 
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tion, but does fluoresce in organic solvents and when dried on filter paper. 
The kynurenic acid spot shows little fluorescence when the dried chromato- 
gram is first viewed under the Inspectolite, but becomes fluorescent after 
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Fic. 1. Chromatograms of fluorescent metabolites produced by the action of 
slices of rat liver and kidney on L-tryptophan and related intermediates. For 
details as to their preparation see the text. Strips 1 and 8 are composites of the 
several chromatograms of control mixtures prepared by adding each of the test 
substances separately to media incubated with slices of liver (1) or kidney (8), but 
without added substrate. The other strips represent tests of media after incuba- 
tion of the substance indicated at the bottom of the strip with liver (Strips 2 to 7) 
or with kidney (Strips 9 to 14) slices. Chromatograms of media in which 3-hy- 
droxyanthranilic acid had been incubated with liver or kidney slices were free of 
fluorescing spots; hence they are not reproduced. 

In ultraviolet light the anthranilic acid (Spot AA) and 3-hydroxyanthranilic acid 
(Spot HA) appeared as violet spots. Xanthurenic acid (Spot XA) was a brilliant 
light blue, kynurenic acid (Spot KA) a brilliant yellowish green, and a-hydroxy- 
tryptophan (Spot HT) and kynurenine (Spot K) a dull, washed out blue, with a la- 
vender tinge. The substances responsible for Spots XA-1, XA-2, XA-3, HT-1, and 
AA-1 were not identified. The color of Spot XA-1 was bluish to violet, of Spot 
XA-2 grayish lavender, and of Spot XA-3 somewhat more violet than of Spot 
XA-2. Spot HT-1 gave a fainter and somewhat grayer color than Spot HT. The 
color of Spot AA-1 was similar to that of Spot AA. 


an initial exposure of several minutes. The xanthurenic acid spot is 
especially brilliant. 

Tryptophan is not detectable by fluorescence, but its position can, of 
course, be located with ninhydrin or the p-dimethylaminobenzaldehyde 
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reagent (9). Several metabolites of tryptophan also respond to these 
reagents. Where it can be applied, fluorescence seems to be the more sensi- 
tive method of detection. 

The patterns produced on chromatographing media in which a-hydroxy- 
tryptophan (Strips 3 and 10), kynurenic acid (Strips 5 and 12), or an- 
thranilic acid (Strips 7 and 14) had been incubated indicate that the fluo- 
rescing metabolites produced by the kidney were the same as those formed 
by the liver. Incubation with either tissue caused the complete disappear- 
ance of 3-hydroxyanthranilic acid and produced no fluorescing derivatives. 
The blank chromatograms obtained are not reproduced in Fig. 1. The 
rapid metabolism of 3-hydroxyanthranilic acid by rat liver has been noted 
previously (8, 10-12). Kynurenic acid appeared to be relatively resistant 
to destruction by either liver or kidney tissue. Anthranilic acid was 
partially converted into a second unidentified fluorescing substance, but 
colorimetric analysis of the media’ indicated that the amount converted 
must have been very small. When a-hydroxytryptophan was added to 
incubated control media and chromatographed, it showed only one spot 
(HT). The substance responsible for the spot (HT-1) produced by its 
incubation with liver or kidney slices has not been identified. 

The chromatograms show that slices of rat liver were able to convert L- 
tryptophan (Strip 2) to kynurenine, kynurenic acid, and anthranilic acid, 
and to transform kynurenine (Strip 4) into kynurenic acid and anthranilic 
acid. Under the conditions employed, kidney slices produced no fluoresc- 
ing metabolites from L-tryptophan (Strip 9). They metabolized L-kynu- 
renine (Strip 11) about twice as rapidly per gm. of wet weight? as did liver 
slices. They appeared to produce as much kynurenic acid, but no an- 
thranilic acid could be detected. Two other fluorescing substances, as 
yet unidentified, were also formed. These occupied the same relative posi- 
tions and showed the same fluorescences as the two products produced 
from xanthurenic acid (Strip 6) by liver slices. One of the products 
(XA-3), but not the other (XA-2), was produced from xanthurenic acid by 
kidney slices (Strip 13), along with a third substance (XA-1) which occu- 
pied a position close to xanthurenic acid on the strip. 


DISCUSSION 


Data on the specific sites in which metabolism of L-tryptophan occurs 
in the intact rat are lacking. This is true also of the rabbit, in the blood 
of which kynurenine is reported to accumulate after large doses of L- 
tryptophan (13). 

In the dog, hepatectomy markedly decreases the amount of kynurenic 
acid excreted after tryptophan is injected subcutaneously and perfusion 
through the liver converts kynurenine into kynurenic acid (14). The 


* Mason, M., and Berg, C. P., unpublished data. 
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capacity of slices from rat liver, but not of those from rat kidney, to form 
kynurenine and kynurenic acid from L-tryptophan is in harmony with these 
observations. However, the rapid metabolism of L-kynurenine by kidney 
slices seems to indicate that, at least in the rat, the kidney may partici- 
pate together with the liver in the production of kynurenic acid from 
kynurenine. 

Some years ago Kotake (15) postulated that a-hydroxytryptophan 
might function as an intermediate in the conversion of tryptophan to 
kynurenine. This assumption was supported by the finding of Buten- 
andt, Weidel, and Becker (16) that a-hydroxytryptophan promotes the 
development of eye pigment in insect mutants, though somewhat less 
readily than does kynurenine. The chromatographic evidence reported 
here seems to indicate that slices of neither the liver nor the kidney of the 
rat can convert a-hydroxytryptophan to kynurenine. We have been 
advised‘ that Sakan and Hayaishi (17) and Kikkawa® have also obtained 
negative evidence as to the intermediate character of a-hydroxytrypto- 
phan, the former with bacteria, the latter with silkworm larvae. 

Anthranilic acid has been reported to be formed in relatively large 
amounts by homogenates of cat liver and by the intact cat (18). Our 
data show that it is produced by rat liver, but probably not by rat kidney. 
If 3-hydroxyanthranilic acid is formed during the incubation of trypto- 
phan or kynurenine with liver or kidney slices, it must be rapidly degraded 
into non-fluorescing substances. In certain insects 3-hydroxykynurenine 
has been reported to be an intermediate metabolite of tryptophan (19). 
No evidence was obtained for its formation or accumulation, but since none 
of the product was available for comparative studies, the possibility that 
it could have escaped detection cannot be discounted. 

The metabolism of xanthurenic acid by the liver and kidney slices used 
in our tests was too slow to justify the assumption that either tissue readily 
destroyed it. Reid et al. (20) have reported that it is destroyed in the rat 
receiving pyridoxine. It is possible that it undergoes metabolism more 
rapidly in the liver or kidney of the intact animal or that some other tissue 
participates in its degradation. 


SUMMARY 


A technique for the study of tryptophan metabolism is described which 
involves the chromatographic separation and identification of several 
fluorescent metabolites. The technique has been used to determine com- 
paratively the capacities of slices of rat liver and slices of rat kidney to 
metabolize tryptophan. 

The data indicate that the liver of the normal rat is able to convert L- 


‘ Personal communication from Dr. O. Hayaishi. 
‘ Kikkawa, H., personal communication to Dr. O. Hayaishi. 


XUM 


C 

r 
| 

V 
i- 

d 
n 


788 TRYPTOPHAN METABOLITES 


tryptophan into kynurenine, kynurenic acid, and, to a small extent, an- 
thranilic acid. It converts kynurenine into kynurenic acid and anthranilic 
acid. By contrast, the kidney of the normal rat is apparently unable to 
produce any of these or any other fluorescent metabolites from 1L-trypto- 


phan. However, it metabolizes t-kynurenine even more rapidly than 


does the liver. Instead of anthranilic acid, it produces two other fluorescent 
metabolites which appear to be related to xanthurenic acid. 

Xanthurenic acid and anthranilic acid were metabolized to a limited 
extent by slices of both the liver and the kidney, as judged by the forma- 


tion of new but unidentified fluorescing substances. Kynurenic acid was © 


apparently not attacked by either to any marked degree. Both tissues 
acted rapidly on 3-hydroxyanthranilic acid, but produced no fluorescent 
metabolites. 

Incubation of a-hydroxy-p.L-tryptophan with slices of either liver or 
kidney yielded small amounts of apparently the same fluorescing sub- 
stance. The chromatographic pattern produced by the liver slices was 
quite distinct from the pattern which they produced from L-tryptophan or 
t-kynurenine, thus indicating that a-hydroxytryptophan may not be an 
intermediate in the conversion of L-tryptophan to kynurenine and kynu- 
renic acid in the rat. | 
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GLUTAMIC ACID DECARBOXYLASE IN BRAIN* 


By EUGENE ROBERTS anp SAM FRANKEL 


(From the Division of Cancer Research, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, October 9, 1950) 


We have previously reported the presence of relatively large amounts of 
free y-aminobutyric acid in brain (1, 2) and have shown the existence of 
an enzyme which can form this compound from glutamic acid (2). In 
the present paper are reported some manometric studies of the peupertion 
of the glutamic acid decarboxylase of mouse brain. 


EXPERIMENTAL 


Preparation of Tissues—Mice were killed by dislocation of the cervical 
vertebrae, and the brains were removed rapidly. The homogenates were 
prepared in ice-cold 0.05 m phosphate buffer, pH 5.9, with a ground glass 
homogenizer. The acetone powders were prepared by suspending fresh 
brain in a large excess of acetone at — 15° in a Waring blendor and filter- 
ing rapidly with suction. All operations were performed in the cold room 
at 4° with glassware previously stored in a deep freeze. The powders 
were dried and kept in vacuo over silica gel and paraffin at 4°. Suitable 
amounts of the powders were suspended in buffer with the aid of a ho- 
mogenizer prior to use. 

Manometric Assay—All assays were carried out in Warburg flasks in an 
Nz atmosphere with a final volume of 3.0 ml. at 38°. The pH of the in- 
cubation mixtures was between 6.2 and 6.3. The main compartments con- 
tained quantities of the enzyme preparations and buffer to make a final 
volume of 2.0 ml. One side arm contained 0.5 ml. of glutamic acid solu- 
tion (pH 7.0 to 7.4) or distilled water. This was tipped in after equilibra- 
tion. The other side arm contained 0.5 ml. of 1.2 Nn HSO,. This was 
added to stop the reaction and to liberate bound CQO:. Suitable correc- 
tions for bound CO, were made. 

Control flasks containing KOH papers were included in a number of ex- 
periments to determine whether the changes in gas pressure observed were 
attributable entirely to CO. formation. In no case was there a significant 
increase in pressure in the presence of KOH. It seems certain, therefore, 
that CO. was the only gas liberated. However, it was noted that both in 
the flasks containing homogenates and those with acetone powders there 


* Aided by grants from the United States Public Health Service and the Charles 
F. Kettering Foundation. 
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was a significant gas consumption (probably O2) when ordinary tank nitro- 
gen was used. This difficulty was completely eliminated by flushing the 
apparatus for 15 minutes with specially purified N2 (99.9 per cent, Linde). 

The final concentrations of the added glutamic acid in the incubation 
mixtures were either 0.05 or 0.1 m. Under the conditions used, maximal 
activity was achieved with 0.05 m glutamic acid, the rates at this concen- 


A 
ACETONE POWDER 
1GOF © HOMOGENATE A 


ML. COs 


TIME (MINUTES) 
Fic. 1. Typical curves obtained with acetone powders and homogenates in pres- 
ence (Curves A) and absence (Curves B) of added glutamic acid. 


To 


tration being identical with those found at the higher one. When the 
effects of hydroxylamine and semicarbazide were observed, these sub- 
stances were added to the substrate; so that both substrate and inhibitor 
were added to the enzyme at the same time. In those experiments in 
which pyridoxal phosphate was studied, it was added directly to the main 
compartment prior to the addition of the tissue preparations. 

Chromatographic Determination of y-Aminobutyric Acid—y-Aminobutyric 
acid was determined by the chromatographic method previously de- 
scribed (1). 
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Results 


Rate of COz Formation by Homogenates and Acetone Powders—In Fig. 1 
are shown typical time-activity curves for acetone powders and homo- 


TABLE I 
Equivalence of Formation of y-Aminobutyric Acid and CO; by Brain 
Acetone Powder 


Incubation time, 115 minutes. 52 mg. of acetone powder per flask. 0.5 ml. of 
0.5 m glutamic acid added from side arm. 


Flask No. -Aminobutyric acid formed COs formed 

BM uM 
46* 2.3 2.3 
18* 2.3 2.4 
17* 2.3 2.3 
62 6.8 5.3 
29 6.0 5.3 
38 5.2 5.3 


*No added glutamate. 


A. B. 
60F 250 7 PYRIDOXAL-PO, 300r 
@ CONTROL 
6 103M SEMICARBAZIDE 250 
102M HYDROXYLAMINE 
200 
150 
20r 100 
50 


To) 20 30 40 10 
TIME (MINUTES) 


Fic. 2. Influence of pyridoxal phosphate, semicarbazide, and hydroxylamine on 
activity of acetone powder in absence (A) and presence (B) of added glutamic acid. 
120 mg. of acetone powder per flask; 0.5 ml. of 0.25 m glutamate added. 


genates of mouse brain in the presence and absence of added glutamic 
acid. The activity of 100 mg. of acetone powder was compared with that 
of 2 ml. of a homogenate containing 500 mg. of fresh weight of brain. 
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This was done because the final dry weight of acetone powder is approxi- 
mately 20 per cent of that of the starting material. In the presence of 
excess glutamic acid, the activities of both preparations were virtually 
identical for 20 minutes. Thereafter, the activity of the homogenate 
seemed to decline at a more rapid rate. In the absence of added glutamic 
acid, the CO, production of the homogenate was greater than that of the 


225, 
PYRIDOXAL ADDED 
® 250 
° 200 
4 100 
175r 
x 50 
100r 
50r 
5 0 


TIME (MINUTES) 


Fig. 3. Effects of different amounts of pyridoxal phosphate on the activity of 
acetone powder. 50 mg. of acetone powder per flask; 0.5 ml. of 0.5 m glutamate 
added to each flask. 


acetone powder. Brain tissue contains large quantities of free glutamic 
acid and glutamine, from which glutamic acid is formed readily. Two- 
dimensional chromatograms of alcoholic extracts of the acetone powders 
showed the presence of appreciable amounts of free or loosely bound glu- 
tamic acid and glutamine. Presumably the CO: liberated in the absence 
of added glutamic acid could be formed from the glutamic acid already 
present in the preparations. Experiments to be cited on the stoichiometry 
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of the endogenous formation of CO, and the influence on CO: formation 
of inhibitors and pyridoxal phosphate support this view. 

Formation of CO; and y-Aminobutyric Acid by Brain Acetone Powder— 
An experiment was performed to determine whether the formation of CO; 
and -aminobutyric acid takes place in stoichiometric amounts under the 
conditions employed. The results are shown in Table I. It may be said 


450r 


25 MG. 


TIME (MINUTES 


Fig. 4. Demonstration of zero order reaction with different quantities of acetone 
powder. All flasks contained 250 y of pyridoxal phosphate. 


that, within experimental error, there is a mole for mole formation of CO: 
and of y-aminobutyric acid. The fact that this relationship holds even in 
the absence of added glutamic acid shows that the glutamic acid present 
in the acetone powder preparation is attacked readily. This experiment 


also shows that at most only very small amounts of CO: arise from sub- 
stances other than glutamic acid. 
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Influence of Pyridoxal Phosphate, Hydroxylamine, and Semicarbazide on 
Decarboxylase Activity of Acetone Powder—Since decarboxylases are known 
to be sensitive to carbonyl-trapping agents and all of the decarboxylases 
that have been studied extensively have been shown to require pyridoxal 
phosphate as coenzyme (3, 4), it was of interest to study the effects of 
these substances in our system. It is seen from Fig. 2 that semicarbazide 
and hydroxylamine inhibit the decarboxylation of glutamic acid by the 
acetone powder in the absence (Fig. 2, A) and presence (Fig. 2, B) of 


450r 


400F 


350r 


RATE (ul. CO, PER HOUR) 


2 


35. 50. 75 100 125150 
MG. ACETONE POWDER 


Fig. 5. Proportionality between the rate of reaction and enzyme concentration 


added glutamic acid. Pyridoxal phosphate is a potent activator of the 
enzyme. It appears, therefore, that the glutamic acid decarboxylase of 
brain is similar to the glutamic decarboxylases of bacteria and plants. 
Effect of Varying Concentrations of Pyridoxal Phosphate on Activity of 
Acetone Powder—Fig. 3 shows that increasing concentrations of added 
pyridoxal phosphate produced progressive increases in the activity of 
the enzyme. In the system employed, 200 y produced complete activa- 
tion, no further activation being noted when 250 y were added. There 
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was only a small increase in activity when the quantity of pyridoxal 
phosphate was increased from 100 to 200 y. 

Assay for Decarboxylase Activity—In the presence of excess glutamic 
acid and pyridoxal phosphate, it was possible to obtain zero order reac- 
tions with different quantities of acetone powder (Fig. 4). The activities 
thus obtained were proportional to the quantity of enzyme employed 
(Fig. 5). With this method for assay, it will be possible to perform fur- 
ther studies of the properties of this enzyme, to follow its purification, 
and to determine the relative quantities of the apoenzyme in different 
parts of the nervous system. Preliminary chromatographic evidence has 
indicated that liver, muscle, and tumors can form y-aminobutyric acid 
from glutamic acid. It is planned to extend the manometric studies to 
these tissues also. 


DISCUSSION 


Glutamic acid decarboxylase is now known to be present in plants, 
bacteria, and animals (2-4). y-Aminobutyric acid, the end-product of 
glutamic acid decarboxylation, is also widely distributed (5-9). Obvi- 
ously the réle of the decarboxylase is to produce y-aminobutyric acid. 
The key to the importance of the system probably lies in the knowledge 
of the transformations which the y-aminobutyric acid undergoes. Experi- 
ments are now in progress in our laboratory dealing with this subject. 


SUMMARY 


1. The presence of glutamic acid decarboxylase in mouse brain is re- 
ported. 

2. The activity was demonstrated in homogenates and acetone powders. 

3. The enzyme behaved like a typical decarboxylase, requiring pyri- 
doxal phosphate as coenzyme and being inhibited by semicarbazide and 
hydroxylamine. 


4. Conditions for assay are described in which the reaction is of zero 


order and the activity is proportional to the quantity of enzyme em- 
ployed. 
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MEASUREMENTS OF RATES OF PROTEIN DEGRADATION 
AND PROTEIN LOSS IN FASTING ANIMALS* 


By HENRY D. HOBERMAN 


(From the Department of Phystological Chemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, September 19, 1950) 


The need of a method for the measurement of rates of protein degrada- 
tion is most acute in considering the problems of growth and regenera- 
tion, for it is clear that a net increase of protein can result either from 
an acceleration of protein synthesis or a deceleration of protein break- 
down. Estimates of the rate of protein degradation have been obtained 
by indirect means (1). In the present report a method is described for 
the direct measurement of rates of protein breakdown. It will be shown 
by appropriate mathematical analysis that, after the enrichment of the 
body proteins of an animal with isotopic nitrogen (N!5), measurements of 
the rate of urinary excretion of the isotope may be used to calculate the 
specific rate at which the nitrogen of the labeled proteins is converted to 
amino acid nitrogen. The method was applied to groups of fasting ani- 
mals which, prior to fasting, had subsisted on isocaloric rations containing 
high, medium, and low amounts of protein. The results of these experi- 
ments are described. 


Theoretical Considerations 


Let a = the amount (mg.) of N™ administered, and E = the amount 
(mg.) of N!5 excreted in the urinary nitrogen at time, t. S = the amount 
(mg.) of N!5 incorporated into body protein at time, t. k, = the fraction 
of N'!5 which, per hour, is catabolized and excreted. k, = the fraction of 
N'5 which, per hour, is converted to S. k; = the fraction of S which, per 
hour, is converted into amino acid N", 


Then 
dE /dt = ki(a — (EF + 8)) (1) 
dS/dt = kx(a — (E + — (2) 
Solving for E yields 
E = me™'* + +4 (3) 


* This work was supported in part by grants from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council, and 
from the James Hudson Brown Memorial Fund of the Yale University School of 
Medicine. 
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where m and n are constants of integration, and r; and rz are, respectively, 


(8 + ks) + V@F — — (8 + ks) — 
2 2 


where B = ki + ko. The roots, 7; and rz, may be simplified by binomial 
expansion of the radicals. The elimination of quadratic terms yields, ap- 
proximately, r, = —A and re = —((B + ks) — A) where A = kyky/(B + ks). 

In an earlier report (1) the data were presented which showed that, in 
fasting rats, 6 is approximately 107' per hour, while estimates of ky and 
d yielded values of the order of 10°? and 10°* per hour, respectively. 
Sonsidering the relative magnitudes of 6, k3, and A, and the conditions 
that at ¢ = 0, FE = 0, and dH /dt = k,a, Equation 3 becomes approxi- 
mately, 


k, ae~** k,ae~™™ 
B B 


E=a- (4) 


By dividing by a and rearranging the terms, Equation 4 may be written 
ky, + 


It is evident that, for 8 > X, the exponential in — 8t will decrease more 
rapidly than that in —Xé, so that at a given time, ¢;, 


1— 


(5) 


(6) 


where ¢; is chosen sufficiently large to cause the exponential in — St; and 
its coefficient to vanish, and the subscript, ¢;, denotes the value of 
(1 — E/a) at time, t;. At any time, 7’, greater than t;, Equation 6 be- 
comes 


(1 — E/a)r = (1 — E/a),, (7) 


where ¢; is zero with respect to 7’ and the subscript, 7', denotes the value 
of (1 — E/a) at time, T. Thus by measuring the fraction of adminis- 
tered N'5, (E/a), excreted at times ¢; and 7’, \ may be calculated by sub- 
stitution of the data in Equation 7, or, more conveniently, in the equiva- 
lent expression 

2.3 (1 — E/a),; 


(8) 


The value of k; may then be obtained from the relation kk; = 
d/(k,/(8 + k3)), since it is evident that, with 8 >> ks, k,/(8 + ks) is 
very nearly equal to (E/a);,. 

For the purposes of the present study ¢t; has been assigned a value of 
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48 hours, a choice consistent with previous data (1), as well as with the 
results to be described in this report. 


EXPERIMENTAL 


Male rats of the Sprague-Dawley strain, weighing from 106 to 150 gm., 
were provided with diets of the compositions shown in Table I. The rats, 
each occupying a separate cage, were permitted to feed ad libitum for 
2 weeks, during which time records were kept of food consumption and 
gains in weight. The average amounts of ration consumed during the 
experimental period were 192 gm., 182 gm., and 195 gm., and the aver- 
age percentile gains in weight were 53, 46, and 34 per cent, for the high, 
medium, and low protein groups, respectively. 

All animals were fasted for 24 hours before the injection of N'!5-glycine 
and for 192 hours thereafter. 1 ml. of a 2.5 per cent solution of isotopic 


I 
Composition of Diets* 
High protein Medium protein Low protein 
gm. em. gm. 
ae 60.0 25.0 10.0 
0.1 0.1 0.1 


* The known water-soluble and fat-soluble vitamins were added to the rations 
in the amounts recommended by Kligler and Krehl (2). 
t Hegsted et al. (3). 


glycine (35.4 atom per cent excess) was administered per 100 gm. of body 
weight by intraperitoneal injection. Each rat thus received 1.75 mg. of 
N'5 per 100 gm. of body weight. The animals were placed separately in 
metabolism cages and urine was collected at 48 hour intervals. At the 
termination of each period of collection, cages and funnels were rinsed, 
and the combined urine and washings were made to convenient volumes. 
After filtration, aliquots were removed for quantitative and isotopic anal- 
yses of the total nitrogen (micro-Kjeldahl) and, where indicated, for urea 
(precipitation with xanthydrol). 


Results 


In Table II are recorded the data obtained when the amounts of uri- 
nary N!5 were measured 48, 96, 144, and 192 hours after the administra- 
tion of isotopic glycine to the three groups of fasting rats. The values of 
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E/a calculated from these data, and the magnitudes of \ and k; obtained 
by solution of Equation 8, are listed in Table III. It will be noted that 
within each group A and k; remain relatively constant during the entire 


TaBLe II 
Excretion of N'5 in Urine after Administration of N**-Glycine to Fasting Rats 
The values for the rat weight are given in gm., for N and £ in mg., and C in 
atom per cent excess. 


Nas* Cat | Eat Nos Cos Ew | Nis | Crs | | | Cur | Evo 
After high protein diet | 
205 | 265 | 0.414 | 1.10 | 516 | 0.253 | 1.31 | 779 | 0.180 | 1.39 | 1262 |0.135) 1.70 
195 | 210 | 0.417 | 0.88 | 418 | 0.264 | 1.10 | 636 | 0.200 | 1.27 | 1027 |0.143) 1.47 
202 | 276 | 0.332 | 0.92 | 493 | 0.227 | 1.12 | 738 | 0.179 | 1.32 | 1201 |0.126) 1.51 
225 | 249 | 0.388 | 0.97 | 485 | 0.254 | 1.23 | 680 | 0.202 | 1.38 | 942 |0.165) 1.56 
197 | 258 | 0.587 | 1.52 | 465 | 0.367 | 1.71 | 654 | 0.274 | 1.79 | 904 (0.216) 1.96 
230 | 303 | 0.392 | 1.19 | 586 | 0.243 | 1.43 | 993 | 0.168 | 1.67 § § § 
After medium protein diet | 
225 | 296 | 0.377 | 1.12 | 524 | 0.261 | 1.37 | 731 | 0.209 | 1.53 | 914 (0.179) 1.64 
210 | 278 | 0.409 | 1.14 | 502 | 0.265 | 1.33 | 728 | 0.204 | 1.49 | 1127 (0.148) 1.67 
187 | 169 | 0.435 | 0.74 | 328 | 0.282 | 0.93 | 481 | 0.224 | 1.08 | 646 |0.184) 1.19 
190 | 198 | 0.481 | 0.95 | 426 | 0.276 | 1.18 | 789 | 0.183 | 1.45 | 1296 0.123) 1.60 
194 | 237 | 0.457 | 1.08 | 445 | 0.289 | 1.29 | 715 | 0.206 | 1.47 | 1125 |0.141) 1.59 
190 | 217 | 0.371 | 0.81 | 404 | 0.247 | 1.00 | 605 | 0.188 | 1.14 § § § 
After low protein diet : 
183 | 105 | 0.253 | 0.27 | 238 | 0.186 | 0.44 | 392 | 0.153 | 0.60 | 566 (0.129) 0.73 
195 | 135 | 0.369 | 0.50 | 262 | 0.265 | 0.69 | 401 | 0.214 | 0.86 | 576 |0.173) 1.00 
165 | 115 | 0.374 | 0.43 | 218 | 0.271 | 0.59 | 361 | 0.216 | 0.78 | 442 0.184) 0.81 
187 | 127 | 0.297 | 0.38 | 252 | 0.218 | 0.55 | 479 | 0.171 | 0.82 | 576 |0.147| 0.85 
140 | 90 | 0.332 | 0.30 | 206 | 0.230 | 0.47 | 368 | 0.173 | 0.64 | 604 (0.132) 0.80 


*N represents the amount of urinary total nitrogen. 

+ C is the isotope concentration of the urinary total nitrogen. 

t # is the amount of N'* excreted in the urine (N X C). All the subscripts refer 
to time in hours. 

§ Dead animal. 


experimental period. This is an observation which lends support to the 
assumptions made in deriving the relations described earlier. 

The average values of \ for each group are, respectively, 1.74 + 
0.04 X 10-* per hour, 1.73 + 0.12 X 10-* per hour, and 1.40 + 0.10 X 
10-* per hour for the high, medium, and low protein groups. Correspond- 
ing average values of k; are 6.1 + 0.14 XK 10°* per hour, 6.3 + 0.12 X 


+ 
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| 10-* per hour, and 13.8 + 1.5 X 10-* per hour. When the data of the 
high and medium protein groups are combined, statistical analysis shows 
that the average value of \ in the low protein group is significantly lower 


(P < 0.02) than that found for the other groups. Similar comparison of 
the average values of k; shows that, in the low protein group, k; is signifi- 


III 
Rates of Protein Loss (x) and Breakdown (ks) in Fasting Rats 
Rat No. | | | (B/a) | (B/a) | | x 108 
° After high protein diet 
) me. 
1 3.67 | 0.300 | 0.357 | 0.379 | 0.463 | 1.77 | 1.25 | 1.84 | 1.62 | 5.4 
| 2 3.50 | 0.251 | 0.314 | 0.363 | 0.420 | 1.83 | 1.69] 1.78 | 1.77 | 7.1 
5 3 3.50 | 0.263 | 0.320 | 0.377 | 0.431 | 1.68 | 1.75 | 1.80 | 1.74 | 6.6 
j 4 4.02 | 0.241 | 0.306 | 0.343 | 0.388 | 1.86 | 1.50 | 1.49 | 1.62 | 6.7 
5 3.50 | 0.434 | 0.488 | 0.512 | 0.560 | 2.08 | 1.54] 1.76 | 1.79 | 4.1 
6 4.02 | 0.296 | 0.356 | 0.415 1.85 | 1.91 1.88 | 6.4 
After medium protein diet 
1 4.02 | 0.279 | 0.341 | 0.380 | 0.408 | 1.87 | 1.58 | 1.37 | 1.61 | 5.8 
) 2 3.67 | 0.311 | 0.362 | 0.406 | 0.455 | 1.60 | 1.54 | 1.63 | 1.59 | 5.1 
) 3 3.33 | 0.222 | 0.279 | 0.324 | 0.357 | 1.59 | 1.46 | 1.32 | 1.46 | 6.6 
) 4 3.33 | 0.285 | 0.354 | 0.435 | 0.481 | 2.11 | 2.45 | 2.22 | 2.26| 7.9 
5 3.33 | 0.324 | 0.387 | 0.441 | 0.477 | 1.98 | 1.98 | 1.78 | 1.91 | 5.9 
6 3.33 | 0.243 | 0.300 | 0.342 1.63 | 1.46 1.55 | 6.4 
, After low protein diet 
) 1 3.15 | 0.086 | 0.140 | 0.191 | 0.232 | 1.26 | 1.14 | 1.21 | 1.20 | 14.0 
| 2 3.50 | 0.143 | 0.197 | 0.246 | 0.286 | 1.36 | 1.33 | 1.27 | 1.82 | 9.2 
3 2.98 | 0.144 | 0.198 | 0.262 | 0.272 | 1.36 | 1.54] 1.12 | 1.34] 9.3 
) 4 3.33 | 0.114 | 0.165 | 0.246 | 0.255 | 1.23 | 1.68 | 1.20 | 1.37 | 12.0 
| 5 2.45 | 0.122 | 0.192 | 0.261 | 0.326 | 1.73 | 1.80 | 1.83 | 1.79 | 14.7 


* 4; represents 48 hours, and 7’, JT”, and T”’ 48, 96, and 144 hours after 4¢;, re- 
; spectively. For further explanation of these symbols, see the text. 

td’, \”, and X”” are calculated for each of the values of 7. 2 is the mean of 
d’, A”, and d’”. 

t Calculated from the relation, ks = /(E/a)s,. 


cantly higher (P < 0.01) than in the other groups. The data thus indi- 
cate that, while the specific rate of conversion of body protein to amino 
acids is faster, the specific rate of protein loss is slower in animals which 
at an earlier time had ingested the ration low in protein than in animals 
which had consumed medium or high protein diets. This is interpreted 
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to indicate that, although animals in the low protein group hydrolyze 
body protein rapidly, a relatively small fraction, (E/a),,, of the amino 
acid nitrogen so formed is catabolized and excreted. The data do not 
reveal significant differences in the metabolism of nitrogen between the 
animals in the high and medium protein groups. 

After the 6th experimental day the nitrogen output of several animals 
in each group rose in a striking manner. Analyses of the urinary urea 
revealed that, with the exception of two animals in the high protein 
group, the rise in the excretion of total nitrogen was accompanied by a 
proportionate rise in the excretion of urea. However, it is significant that 
in no instance was there a proportionate increase in the excretion of N®. 
This would suggest that in fasting animals the source of urinary nitrogen 
does not exclusively reside in protein involved in the dynamic state. 

The rate of excretion of urinary nitrogen during fasting may be ex- 
pressed as the following function of time (1): 


dN/dt = k:Ace™ (9) 


where dN /dt is the rate of nitrogen excretion at time t, Ao is the amount 
of nitrogen in the amino acid pool A when ¢ = 0, and k, and X are defined 
in relation to the amounts of nitrogen in the amino acid pool and body 
proteins, rather than specifically to the amounts of N' contained in these 
reservoirs. When it is assumed that during fasting all of the nitrogen of 
A is derived from protein in the dynamic state, the total amount of nitro- 
gen thus available for catabolism and excretion is, on integrating Equa- 
tion 9 from t = Otot = « 


N = kiAo/A (10) 


As a first approximation k,Ao, the rate of excretion of urinary nitrogen 
at the start of the fast, may be evaluated from the excretion data of the 
first 48 hours (Table II). During this period the nitrogen outputs of the 
high, medium, and low protein groups were, on the average, 2.59 mg., 
2.41 mg., and 1.37 mg. of nitrogen per 100 gm. of body weight per hour, 
respectively. The substitution of these data and appropriate values of 
in Equation 10 give, for N, 1.49, 1.39, and 0.98 gm. per 100 gm. of body 
weight for the high, medium, and low protein groups, respectively. These 
results are in accord with those estimated previously (1), but are some- 
what higher than the estimates of Sprinson and Rittenberg (4). 


DISCUSSION 


The results of the experiments reported in this communication may 
be interpreted to suggest that in fasting animals two reservoirs of pro- 
tein contribute nitrogen to the amino acid pool. One reservoir interacts 
rapidly with the amino acids of the tissues, while another portion of the 
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body proteins would appear to be susceptible to virtually irreversible 
hydrolysis. 

Assuming that the protein content of the rats in the medium protein 
group is equivalent to 2.7 gm. of nitrogen per 100 gm. (5), 1.39/2.7, or 
51 per cent of the total proteins of this group of animals, are estimated 
to be in the dynamic state. 

From the data of the present study the half life times (0.693/X) of the 
proteins in the dynamic state are calculated to be 16, 17, and 21 days, 
respectively, for the animals in the high, medium, and low protein groups. 
However, it would appear that as early as the 7th day of fasting nitrogen 
is also drawn from body proteins which are not involved in the dynamic 
state. This suggests that preferential utilization of the proteins in the 
dynamic state occurs only during the very early days of fasting. 

The question might well be raised as to the mechanism of origin of 
those proteins which are not in the dynamic state. From the results of 
the present study it is clear that the rate of incorporation of N' into 
proteins not involved in the dynamic state must be exceedingly slow. 
This would suggest as one possibility that the proteins in the dynamic 
state are precursors of those which are not. A slow transport of newly 
synthesized protein into a region in which synthesis of protein does not 
occur is a hypothesis which would not conflict with the results of the pres- 
ent study. Present evidence would favor the view that the proteins of 
the cytoplasm undergo continuous degradation and resynthesis. The pos- 
sibility might therefore be raised that those proteins which do not inter- 
act with the free amino acids of the tissues are associated with the nu- 
clear structures of the cell. 

It has long been observed that the excretion of nitrogen during fasting 
is modified by previous dietary history. The present report accounts for 
these effects in terms of the rates of amino acid and protein metabolism. 
Previous experiments (6) showed that the amount of N!5 excreted by fast- 
ing rats receiving isotopic ammonia is more than 50 per cent greater than 
that excreted by glucose-fed animals. This difference was ascribed to an 
inhibitory effect of carbohydrate on the deamination of amino acids. It 
may be seen, however, that relative retention of nitrogen may persist even 
after the withdrawal of carbohydrate from the diet. 


SUMMARY 


A method is described for the measurement of rates of protein degrada- 
tion and protein loss. It is shown that, after enrichment of the proteins 
of animals with isotopic nitrogen, measurements of the rates of urinary 
excretion of N!5 permit calculation of the specific rates of protein degrada- 
tion and loss. The method was applied to fasting rats which, prior to 
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fasting, had subsisted on rations containing high, medium, and low 
amounts of protein. It was found that, during fasting, animals which 
had ingested a low protein diet degrade protein more rapidly, but lose 
protein more slowly than rats which had consumed rations containing 
high or medium amounts of protein. 


The author is deeply indebted to Miss Dorothy von Hacht and Mr. 
Jack Graff for their capable technical assistance, and to Mr. Joseph B. 
Doolittle for performing the isotope analyses. : 
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Until recently, the difficulties of obtaining and of measuring the radio- 
active isotopes of calcium have kept all but a few investigators from ex- 
amining the distribution of calcium in the hard tissues of the body. Using 
Ca*> as a tool, Campbell and Greenberg (1), Pecher (2), and Greenberg (3) 
found between 15 and 28 per cent of a dose in the skeleton of mice or rats 
within short periods of time. More recently, Armstrong and Barnum (4) 
administered Ca* and P* simultaneously to rats and, after 5 days, com- 
pared the percentages of each isotope in various tooth and bone tissues. 
The total isotope content of the entire skeleton was not estimated, but 
similar percentages of the Ca“ and P* doses were reported in a number 
of bone samples. 

All of these workers agree that a substantial part of a Ca** dose appears 
promptly in the skeleton. Since the time periods of the studies in vivo 
were too short to permit growth and calcification to be major factors, the 
experiments tn vitro reported below are believed to give grounds for a 
hypothesis that can be applied directly to the rapid phase of Ca*® deposi- 
tion in the living animal. 

Previous work in this laboratory has shown (a) that P® also appears 
promptly in considerable proportions in the bone (5) and (6) that the 
rapid phase of the radiophosphorus adsorption is adequately described as 
a reversible exchange reaction (6); The incorporation of phosphorus into 
bone glycol ash %n vitro over a period of 7 days reaches a steady state; at 
this time about 20 per cent of the bone phosphorus has exchanged with 
solution phosphorus. The magnitude of the exchangeable phosphate frac- 
tion of the bone makes this exchange reaction important physiologically. 

Since the principal mineral constituent of the bone has long been de- 
scribed as a calcium phosphate, it is natural to inquire whether calcium 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 

t+ Present address, Radiation Laboratory, University of California, Berkeley, 
California. 
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behaves in an analogous manner; 2.e., whether calcium of the bone takes 
part in a rapid reversible exchange in vivo with the calcium of extracellular 
fluid, and whether solution calcium would exchange in vitro with calcium 
of bone ash. The techniques which had been applied to the study of the 
mechanism of phosphate exchange in vitro have been adapted for the pres- 
ent work on calcium. It was observed that the adsorption! of Ca*® by 
bone is an exchange reaction which follows a pattern in the rapid phase 
similar in most respects to that of the phosphate exchange as shown by 
p=, 
EXPERIMENTAL 


50 mg. samples of glycol-ashed rabbit bone, powdered and graded to 
size to an 80 to 100 mesh fraction, were exposed at 40° to 25 ml. volumes 
at CaCl: solutions, pH 7.4, of three concentrations (viz., 1.25 & 107? M, 
1.25 & 10-* mM, and 1.25 K 10-‘m). Exposure times for different samples 
varied from 4} hour to 15 days, during which time the tubes containing the 
samples were rotated end to end continuously at 40 r.p.m. The 10m 
calcium concentration was chosen because it approximated the concen- 
tration usually cited as that of “diffusible” calcium in blood serum. In 
order to observe the effects of changing the concentration upon the rate 
of exchange of calcium, 10-? m and 10-4 m calcium solutions were used. 

Each solution contained a known amount of radioactive calcium, Ca*', 
as determined by a mica window counter.? Aliquots of the solution were 
counted directly if the activity of the samples exceeded 3 times the back- 
ground count of 12 ¢.p.m.; samples of very low activity were counted after 
evaporation to dryness under an infra-red lamp. The counting efficiency 
was greatly enhanced (10 times) by counting the solid samples and, al- 
though the absolute standard error was higher in counts of solid samples, 
the percentage error was lower (Table 1). 

Radioactive calcium*® solutions were prepared as follows: 125 mg. of 
CaCO; were dissolved in the calculated amount of 3 Nn HCl and heated to 
drive off the CO.. This material was diluted to about 800 ml. with dis- 


1 The terms ‘“‘adsorption’”’ and “‘desorption’’ as used in this paper neither imply 
nor exclude a change in the total amount of calcium at the interface. Adsorption 
is used to describe the transfer of Ca‘*® from the solution to the solid; desorption is 
used to denote the reverse process. 

? The mica window had a thickness of 3 to 4 mg. persq.cm. The counting tube 
was purchased from the Radiation Counter Laboratories, Inc., Chicago, Illinois. 

3 Ca‘5, half life 180 days, was prepared by neutron bombardment in the pile at the 
Clinton Laboratories, Oak Ridge, Tennessee. One sample of Ca‘® was obtained 
through the courtesy of Dr. Arthur K. Solomon of the Biophysical Laboratory, Har- 
vard Medical School, Boston, Massachusetts. This Ca‘® was prepared by transmu- 
tation from scandium and was essentially carrier-free. 
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tilled water and the pH was adjusted to 7.3 to 7.4 by the addition of sev- 
eral ml. of 0.001 m NH,OH. As one of the reported radiocontaminants 
was argon (7), air was bubbled vigorously through the solution for 15 
minutes before the solution was made up to 1 liter volume with distilled 
water. 

The calcium content of the solutions and of the bone samples was de- 
termined by the method of Salomon, Gabrio, and Smith (8) before and 
after exposure of the bone ash to the solutions. Phosphorus was deter- 
mined colorimetrically by the method of Fiske and Subbarow (9) in se- 


lected solutions after exposure to the bone ash, and occasionally in bone 
ash residues. 


Results 


In the adsorption experiments, 100 per cent of the Ca*® was in the solu- 
tion initially at each concentration, and 0 per cent was in the bone. As 


TABLE I 
Counting Efficiency in Counting Solid Samples 
No. of Average Per cent 
per 
125 10-2? m.......| Wet 20 40 150 0.6 1.1 2.1 
Dry 10 40 1300 4.3 1.8 0.8 
1.25 X 107? m........ Wet 20 40 29 0.9 0.5 3.3 
Dry 20 80 290 11.0 2.6 0.9 
1.25 X 10-4 Wet Too low to count 
Dry 20 | 80 | 40 | 1.4 | 0.7 | 2.5 


* “‘Wet’’ means in solution (2 ml. counting volume); ‘‘dry’’ means evaporated to 
dryness (2 ml. original volume). 


the time of exposure lengthened, larger and larger percentages of the Ca*® 
appeared in the bone. Table II shows the percentages of Ca*® in bone 
samples after their exposure to radioactive CaCl, solutions (10-?, 10-*, and 
10-4 M, respectively) for periods of 4 hour to 14 days. The figures are 
given as the means of several samples plus or minus the standard devia- 
tion. At each concentration there was an initial rapid increase followed 
by a prolonged horizontal curve which appeared to be a steady state and 
which was reached rapidly (4 hours) at 10-* mM, whereas at 10°? m and 
10-4 m the plateau was reached more slowly (1 and 4 days, respectively). 
The percentages of Ca*® on the bone at the three concentrations were in 
reverse order, as follows: 10-? m, 15 per cent; 10-* m, 60 per cent; 10‘ o, 
90 per cent. 


* 


808 CA EXCHANGE IN BONE 


DISCUSSION 


Exchange versus Deposition—The adsorption of Ca‘*® can be shown to 
be a reversible exchange reaction, as previously demonstrated for P®® (6). 
Thus, the percentages of Ca‘® found in the bone increased with time at 
all three concentrations but equivalent increases in the calcium content 


TaBLeE II 
Adsorption Exchange 


Three aqueous concentrations of calcium chloride were used. Initially all of the 
Ca‘® was in the solution in each test. 


10-4 Ca (3)* 10-* u Ca (8)* 10? Ca (6)* 

Time — 
Per cent Ca* on bone 

hrs. 
0 0 0 0 
0.5 58 + 0.2 31 + 1.6 
1.0 66 + 0.6 37 + 0.7 3 + 0.2 
1.5 45+ 1.3 
2 63 + 0.8 62 + 0.9 3 + 0.3 
4 76 + 1.2 65 + 1.5 6+ 0.7 
s 87 + 1.4 59 + 1.6 6+ 0.4 
16 81 + 1.9 59 + 3.4 8 + 0.8 
days 
1 83 + 2.4 60 + 2.8 12 + 0.4 
2 85 + 1.9 63 + 1.9 12 + 1.6 
3 52 + 1.1 12+ 1.2 
4 90 + 2.4 60 + 1.2 14 + 0.7 
5 91 + 2.9 61 + 2.5 14+ 0.5 
6 99 + 3.0 60 + 2.0 13 + 0.3 
7 64 + 2.1 14 + 0.8 
8 61 + 3.9 13 + 0.2 
9 92 + 2.6 63 + 1.7 15 + 1.8 
10 72 4+ 1.3 14+ 1.6 
11 62 + 6.8 14 + 0.9 
12 59 + 5.3 15 + 0.9 
13 67 + 1.4 
14 85 + 3.6 60 + 2.5 15 + 0.9 


* Each reading represents the mean of the number of samples indicated in paren- 
theses. The per cent of standard error of all determinations = 1.9. 


of the bone sample could not be demonstrated. A change in the total 
calcium commensurate with the change in Ca*® could have been easily de- 
tected by our analytical methods. For example, the bone sample ad- 
sorbed approximately 60 per cent of the Ca** from a 25 ml. aliquot of the 
1.25 X 10-* m solution. Since this solution contained 1.27 mg. of cal- 
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cium initially, the final content should have been 1.27 — 0.76, or 0.51 
mg., if 60 per cent of the total calcium had been deposited on the bone. 
Actually, the average of several analyses (Table III) showed the final cal- 
cium content to be 1.48 mg. Obviously, the net Ca*® deposition in the 
bone had not been accompanied by a proportionate net deposition of the 


TaBLeE III 


Comparison of Calctum Content of Solution Aliquots As Determined by 
Analysis with Calculated Contents from Ca* Data 


Calculated | Anal 
M , mg. per cent mg. mg. 
12.7 6 12.0 13.0 
0.125 78 0.028 0.125 


0 40 80 120 160 200 240 280 320 360 
® HOURS OF EXPOSURE 
Fie. 1. Desorption of Ca*® from bone compared to adsorption from solution 


non-radioactive calcium.‘ Similarly, at the other two calcium concen- 
trations, if a net deposition of Ca*® had occurred along with the adsorption 
of Ca*s, the calcium content of the final solutions should have decreased 
to the values shown in the 4th column of Table III. Instead, the final 
solutions by analysis gave the average values shown in the 5th column; 
there was a little gain in calcium content, if any change, but certainly not 
a loss at any concentration. The results are plausibly explained by as- 


‘This statement should not be interpreted to mean that only Ca‘* atoms are ex- 
changing with Ca‘ atoms. The Ca‘® atoms serve to indicate the exchange of Ca‘® 
(the other isotopes of calcium) and Ca‘® ions between the solution and the 
solid phases. 
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suming that the Ca*® of the solution had exchanged with the Ca“ of the 
bone. 

If the hypothesis is valid, then the reverse reaction should be demon- 
strable; Ca‘® of the solution should exchange for Ca*> already on the bone. 
To test this hypothesis experimentally, a sample of powdered bone was 
allowed to absorb Ca‘® from a 1.25 *& 10-* m calcium solution for 9 days. 
The total Ca** on the bone was arbitrarily set at 100 per cent and the 
losses when the bone was exposed to a non-radioactive, 1.25 & 10-* M, cal- 
cium solution were expressed on a percentage scale (Fig. 1) for increasing 
desorption times up to 9 days. The rapid initial exchange is strikingly 
reproduced; the desorption curve appears to be nearly a mirror image of 
the adsorption curve in this respect. After 24 hours exposure, the bone 
had about 75 per cent of its original Ca** content, whereas the bone in the 
adsorption test had only 60 per cent of the total originally in the solution. 
If the controlling reaction in both cases were an exchange and if the same 
bone calcium atoms took part in both tests, it would seem logical to ex- 
pect the ultimate distribution of Ca** between bone and solution to be 
identical in the two experiments, regardless of where the Ca* was initially. 
That a rough approximation of this identity was achieved is evident from 
Fig. 1; the curves for the ultimate distribution (z.e. 10 to 14 days) appear 
to be converging towards the same percentage. These data are in line 
with the behavior predicted if the reaction between solution and bone cal- 
cium is a reversible exchange. 

Exchangeable Fraction—At what apparently is an equilibrium condition, 


the Ca*® is distributed between bone and solution in a system comprising — 
all of the solution Ca‘ and a fraction of the bone Ca‘? (the bone ash con- 


tained on the average 37.5 per cent of calcium). The percentage of the 
bone calcium taking part in this exchange may be calculated at equilibrium 
by the following equation (10): 


45 
' &% exchangeable bone Ca = me opm. Ce x 100 
c.p.m. Ca® mg. Ca 


After 14 days, at the two higher concentrations, nearly 25 per cent of the | 
bone (glycol ash) calcium had exchanged with solution calcium. Insolu- | 


ble as bone seems to be, this large fraction of exchangeable calcium gives 
bone extraordinary power as a mineral storehouse and regulator. The 


exchangeable calcium may be the source of the easily mobilized calcium | 
(11) whose appearance was previously ascribed to a freely soluble bone — 
salt. At the lowest concentration, the fraction of bone calcium exchanged | 
was only 6 to 8 per cent; it is probable that equilibrium was not yet es- | 
tablished. The exchangeable fraction of calcium in glycol-ashed bone is 
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strikingly similar in magnitude to the fraction of bone phosphate that 
exchanges with solution phosphate (6). 

Armstrong and Barnum’s measurements (4) of the Ca** and P® uptake 
by rat bones in vivo 5 days after injection showed unexpected similarities 
when the relative specific activities of calctum and phosphorus were com- 
pared. Their data recalculated on the basis of percentages of the doses 
of the two isotopes found in bone samples are given (Table IV) with the 
data in vitro from the current study for concentrations of calcium and 
phosphate often cited as characteristic of extracellular fluid (vz., of the 
order of 10-* mu). The absolute values of the percentages are not comparable 
but the ratios of Ca*® to P®? percentages are notably alike. It might be 
inferred that the similarity in the ratios is evidence of a similarity in the 
processes by which the amounts of Ca‘® and P® held by bone are deter- 
mined. On the basis of the exchange hypothesis, the exchangeable frac- 
tion would be the limit in vivo or in vitro for the adsorption of either iso- 


TaBLe IV 
Ca* and P**; Percentages of Doses in Bones after 5 Days 
Experiment Sample Ca‘s pa a 

Armstrong and Barnum, in vivo....| Femur epiphyses 1.58 1.10 | 1.44 
 diaphyses 5.0 3.7 1.35 

Present study, in vitro............. Mixed glycol-ashed; 66.0 44.0 1.52 

bone 


tope. If the exchangeable fractions represent physical entities, the ratios 
should be constant whether the adsorption occurred in the femur of the 
intact rat or in rabbit bone ash in a test-tube. 

In earlier work with P*, the exchangeable phosphate was shown to ac- 
count for about 20 per cent of the total bone phosphate (12). From in- 
dependent calculations based on surface area measurements, the apatite 
micro crystals were considered to have roughly 20 per cent of their phos- 
phate groups in the crystal surfaces (6). These surface phosphate groups 
would constitute, therefore, an adequate source of exchangeable phosphate, 
and it was suggested that phosphate from the surfaces of the crystals was 
the only bone phosphate exchanging in the time periods studied. The 
nearly identical behavior of calcium, as shown by the Ca* distribution, 
immediately leads to the hypothesis that surface calcium, like surface 
phosphate, is capable of rapid, reversible exchange with the solution ions. 
If a fifth of the calcium of the apatite were also in the surface layer of the 
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crystals and available for exchange, the magnitude of calcium exchange is 
reasonably well accounted for. 

The calcium exchange after 14 days exceeded the phosphate exchange 
regularly by about 5 per cent. A similar comparison of calcium and phos- 
phate exchanges at two other concentrations of each ion (unpublished 
data) demonstrated comparable differences; 7.e., the calcium exchange was 
always somewhat greater than the phosphate. Such a difference might 
have been expected from the hypothetical picture Bale et al. (13) offered 
in which most of the calcium and phosphate of the bone is accounted for 
in the micro crystals of hydroxylapatite and the extra calcium,5 the car- 
bonate, and other mineral constituents are ‘occluded, adsorbed or inter- 
stitially crystallized” (14). Presumably any interstitial or surface- 
attached calcium would be able to take part in an exchange with solution 
calcium at least as freely as the calcium atoms of the surface layer of the 
apatite crystals. If so, a slightly greater proportion of the total bone cal- 
cium® than of the total bone phosphate would be exchanged. Additional 


TABLE V 
Effect of Ignition on Exchangeable Fraction (10) 
a Per cent exchange in bone Exchangeable fraction 
after ignition 
Glycol ash After ignition at 900° : 
per cent per cent per cent* 


* Percentage of preignition value. 


evidence of a surface excess of calcium is furnished by the data of Neuman 
et al. (10): there was a greater decrease in the exchangeable fraction of 
phosphorus than of calcium when glycol-ashed bone was ignited at 900°. 
Table V gives the percentages exchanged after 48 hours exposure to 1 X 
10-3 m solutions of phosphate and calcium, respectively. The greater per- 
centages of calcium exchanged in both types of ash are evidence of the 
greater availability of this element. 


5 Many analyses of bone samples give Ca:P ratios of 2.2 and higher, whereas the 
theoretical ratio for hydroxylapatite is 2.14. 

¢ Some solution undoubtedly occurs. The calcium contents of the solutions in 
contact with glycol ash tend to increase slowly. The calcium content of 25 ml., at 
the concentration of 10-? m at the initial time, is 12.7 mg., at the end of the rapid phase 
(4 hours) 14.4, and during the slow phase (10 days) 14.7; at the concentration of 
10-3 m, at the initial time the calcium content is 1.28 mg., at the end of the rapid 
phase (20 hours) 1.31, and during the slow phase (10 days) 2.30; at the concentration 
of 10-4 m at the initial time it is 0.125 mg., at the end of the rapid phase (8 hours) 
0.131, and during the slow phase (10 days) 0.164. 
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Exchange Rates—In glycol ash, the calcium exchange follows an expo- 
nential course; the assumptions and equations derived by Merrell, Gell- 
horn, and Flexner (15) for the exchange of sodium between blood and 
extravascular fluid were modified and applied successfully to the calcium 
data. In Fig. 2, the logarithms of the differences (log A) between per- 
centages of Ca‘® on the bone at any time and at “equilibrium” are plotted | 
as ordinates against the time; linear relations were obtained at each con- 
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Fic. 2. Rates of calcium exchange with glycol-ashed bone. The logarithms o. 
the differences between percentages of Ca‘*® on the bone at any time and at ‘‘equi- 
librium”? (log A) are plotted as ordinates against the time (A, 107? mM; O, 1073 m; 
O, om). 


centration. The rate constants of the equations have physical interpreta- 
tions (15); however, the half time constants describe the over-all rates as 
follows: 10-? M, 16 hours; 10-* m, 2.2 hours; 10-* m, 3.8 hours. Why the 
10-? m solution gave a slower reaction is not known. No suitable data’ 


7, While this paper was being written, Harrison and Harrison (16) described the 
rapid exchange of bone calcium with body fluid calcium in young rats. 
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in vivo on Ca* distribution are available to permit a comparison with 
these rates in vitro. 

Although the rates and magnitudes of exchange of Ca*® and P® by 
glycol ash are strikingly similar, the processes must be different. When 
the log A values of the phosphate data are plotted (Fig. 3) against time, 
curves, not straight lines as for Ca*®, were obtained; 7.e., the phosphate 


100 
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om 


2 4 6 8 iO 12 
TIME IN HOURS 


Fic. 3. Rates of phosphate exchange with glycol-ashed bone (log A as in Fig. 2.). 
The curves are obtained for studies in vitro (6) (0, 10-' m; O, 10°? m; A, 1075 m) 
and for studies in vivo (5) (@, blood P® A, femur end P*?). 


exchange is not a simple exponential process. This is true (Tig. 3) both 
in vitro (6) and in vivo (5) for the blood P* and for the P* of the femur 
ends of rats. 

Further examination of the rates of P® exchange revealed that these 
reactions follow hyperbolic courses both in vitro and in vivo. In vitro, at 
10-* m and 10-5 M, the half time constant for glycol ash is about 40 min- 
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utes. In vivo, the half time constant for the disappearance of P® from 
blood (following intraperitoneal administration) was 160 minutes; the 
process followed a hyperbolic course for at least 7 hours. In view of the 
prominent rdéle ascribed the skeleton in the distribution of P*? in the body, 
it is of considerable interest to find that the half time for the appearance 
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Fic. 4. Rates of calcium and phosphate exchange with fresh bone. Both phos- 
phate (15) and calcium exhibit two straight lines relating the loss of P*? or Ca‘® from 
the solution to the bone when the logarithm of the specific activities are plotted 
against time. Phosphate, A; calcium, O. 


of P*? in the femur ends was also 160 minutes; this process also followed 
a hyperbolic course for more than 7 hours. A cause and effect relation- 
ship is suggested by the coincidence in rates; 1.e., P®* of blood exchanges 
via the extracellular fluid with the P*! of the bone (and of soft tissues) so 
that the bone adsorption of P®* is assumed to be the rate-controlling fac- 
tor in the loss of P** from the blood. 
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Exchange versus Recrystallization—Neuman and Mulryan (17) have 
shown that the P*®? exchange in fresh bone follows a different pattern than 
that in glycol ash. The reaction is slower in fresh bone but does not fall 
off in rate in a matter of hours; in fact the P® percentage is still increas- 
ing in fresh bone after a month’s exposure to the phosphate solution. 
When the logarithms of the specific activities of the phosphate solutions 
were plotted against the time (Fig. 4), two straight lines were obtained. 
Neuman and Mulryan interpreted the first “‘rapid” reaction as the sur- 
face exchange and the second, slower reaction as a recrystallization process. 

Fresh rabbit femur shaft, ground to a powder, was shaken with calcium 
chloride solutions (approximately 1 X 10-* m) containing Ca** for periods 
up to 30 days to see whether the Ca‘* exchange (6) would increase steadily 
like the P® exchange. When the logarithms of the specific activities of 
the solutions in contact with the bone samples are plotted against time 
(Fig. 4), two straight lines were also found for Ca**. If the interpretations 
of Neuman and Mulryan are applied to the calcium data, the first ‘“‘rapid’’ 
reaction (half time, about 9 days) may be the exchange adsorption and 
the second slower reaction (half time, about 15 days) may be a recrystal- 
lization process. The rates of the two processes differ considerably for 
P® (rapid, 10 days, slow, 58 days); there is obviously much less difference 
in the case of Ca*®. It is possible that the continuing increase in P* and 
in Ca‘® percentages in the bone is a continuing ionic exchange with non- 
surface and respectively. 


SUMMARY 


1. Powdered bone ash adsorbed Ca‘* from an aqueous solution of CaCl, 
without the simultaneous deposition of a proportionate fraction of the total 
calcium of the solution. This adsorption is adequately explained by as- 
suming that bone calcium exchanged, rapidly and reversibly, with solution 
calcium. 

2. About one-fifth of the calcium of the bone entered into the exchange 
reaction. Since the same fraction of the bone phosphorus is available for 
exchange, it is assumed that the exchangeable calcium and phosphorus, 
at least in the rapid exchange reaction, represent atoms from the surfaces of 
the microcrystals of hydroxylapatite. 

3. The calcium exchange follows an exponential curve. Phosphate ex- 
change is not exponential but is hyperbolic, both in vitro and in vivo. 

4. Fresh bone takes up Ca** in a slower but continuing process that may 
involve both exchange and recrystallization. 


The writers are deeply indebted to Dr. William F. Neuman for his help 
and suggestions, and to Mr. Eldon Ellis for his aid in preparation of the 
bone samples. 
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FACTORS AFFECTING THE FIXATION OF CO, 
BY ANIMAL TISSUES* 


By ROBERT K. CRANE anp ERIC G. BALL 


‘From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, September 15, 1950) 


The incorporation of carbon dioxide into organic linkage by animal 
tissues has been well established by the work of a number of investigators 
(1-5). It is generally accepted that one procedure for such incorporation 
is the B-carboxylation of pyruvate, though information concerning the 
presence of this specific reaction in diverse animal tisgues and the factors 
controlling its rate is scant. There is described here a simple and sensi- 
tive method for the detection and characterization in isolated tissue of 
this specific reaction of carbon dioxide fixation. When unlabeled pyru- 
vate and C-labeled carbon dioxide are incubated with tissue, the pyru- 
vate becomes radioactive by virtue of the reversible series of reactions 
leading to the formation of the symmetrical fumarate molecule (the ‘“di- 
carboxylic acid shuttle’). The rate of the initial carboxylation is thus 
followed by observing the increase in the specific radioactivity of the 
residual pyruvate when isolated as the 2,4-dinitrophenylhydrazone (2 ,4- 
DNPH) derivative. This method has provided data on the presence and 
approximate rate of carbon dioxide fixation in a representative group of 
animal tissues and on the factors affecting the rate of this reaction in 
intact mammalian retina. 


Methods 


Tissues from rats, pigeons, and ducks were obtained from freshly killed 
laboratory animals. Fresh cattle. eyes were obtained from a local ab- 
attoir. The time from slaughter to the removal of the retinas was 2 to 3 
hours. All tissues were first placed in a medium which had a composition 
resembling the final incubation medium except that chloride replaced 
pyruvate. They were placed in the final incubation (nutrient) medium 
within 5 to 10 minutes. Slices, when desired, were cut with a 0.5 mm. 
Stadie-Riggs microtome (6). 


* Part of this work was completed during the tenure by Robert K. Crane of a pre- 
doctoral fellowship in the Medical Sciences under the Atomic Energy Commission. 
Present address, Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, 
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The standard incubation medium contained 80 mo per liter each of so- 
dium and potassium, bicarbonate 20 mm per liter, chloride 100 mm per 
liter, pyruvate 40 mo per liter, and phenol red 0.00017 per cent. Either 
oxygen or nitrogen with 5 per cent carbon dioxide formed the gas phase. 
The calculated pH was 7.2 at 38°. 

Incubation was carried out in ordinary 125 ml]. Erlenmeyer flasks fitted 
with gas inlet and outlet tubes and with a vaccine stopple so that solu- 
tions could be introduced into the closed flasks by a hypodermic syringe. 
In each flask was placed a quantity of stock solution of all components of 
the medium sufficient to yield on final dilution 12 ml. of incubation me- 
dium of the composition described above. This was diluted first to 11 
ml. and brought into temperature and gas equilibrium. The tissue was 
then added, and the gas flow continued for 2 more minutes. The inlet 
and outlet tubes were clamped off and a 1 ml. portion of a C'*-bicarbonate 
solution, prepared from Oak Ridge C“BaCOs;, was then introduced through 
the vaccine port by means of a hypodermic syringe; the contents of the flask 
were gently swirled and zero time recorded. During incubation at 38° 
the flasks were mounted on a mechanical rocker which tilted them through 
a 45° angle fourteen times per minute. Incubation was terminated by 
the addition, via the vaccine port, of 1 ml. of 100 gm. per cent of trichloro- 
acetic acid. 

Since the radioactive carbon was added to the flasks as a bicarbonate 
solution, equilibrium of the C™ between the liquid and gas phases was not 
immediate. Analyses showed that 50 to 60 per cent of equilibrium was 
attained within 15 minutes, but that complete equilibration required about 
1 hour. No attempts have been made to correct the data for the change 
in specific activity of C'* in the medium during the Ist hour of the ex- 
periments. 

The specific activity of the carbon dioxide in each flask was determined 
at the end of the experiment by withdrawing a sample of the gas phase 
into an evacuated 50 ml. Erlenmeyer flask containing 4 ml. of a barium 
hydroxide-barium chloride solution (0.125 m Ba(OH).; 3 per cent BaCl.) 
(cf. Van Slyke et al. (7)). After the carbon dioxide was absorbed, the 
contents were brought to the phenolphthalein end-point with 0.2 m hydro- 
chloric acid. The barium carbonate precipitate was washed by centrifu- 
gation four times with 15 ml. portions of water and finally suspended in 
3 to 4 ml. of water. This procedure of neutralization and washing elimi- 
nates errors from coprecipitation of barium hydroxide with the barium 
carbonate. 

In aerobic experiments, the total CO, content of the flasks is constantly 
increasing, owing to the production of metabolic CO,. This results in a 
constant diminution of the specific activity of CO, as the experiment pro- 
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gresses. ‘Therefore, in aerobic experiments the mean specific activity of 
CO: was employed in the calculations of results. This mean was obtained 
by averaging the initial and final specific activities, the initial specific ac- 
tivity being calculated from the known specific activity of the radioactive 
bicarbonate solution and the total CO: content initially present in the in- 
cubation flask. The application of this type of correction lowers the 
observed values by 10 to 15 per cent. 

The amount of tissue used was determined as the dried, alcohol-washed, 
trichloroacetic acid-insoluble residue. In all experiments, approximately 
90 to 100 mg. of dry weight of tissue was used. For cattle retina, the 
ratio of dry weight by this method to wet weight was found to be 0.068 + 
0.002. Two cattle retinas yield approximately 90 mg. of dry residue. 

Analysis of pyruvate was made on an aliquot of the trichloroacetic acid 
supernatant by the total hydrazone method of Friedemann and Haugen 
(8). To the remaining supernatant was added an equal volume of a 
saturated solution of 2,4-dinitrophenylhydrazine (Eastman) in 2 n HCl. 
After 15 minutes the voluminous yellow-orange precipitate was collected 
by centrifugation and subjected to the following washing procedure, which 
effectively removed all non-pyruvate radioactivity: Three washings, by 
centrifugation, with 25 ml. portions of distilled water were followed by 
two washings with 5 ml. portions of 95 per cent ethanol. The residue was 
suspended in a third 5 ml. portion of ethanol and the tube was placed in 
a 70° water bath for 10 minutes. While still hot, the tube was centri- 
fuged sharply and the supernatant liquid quickly decanted. The bright 
lemon-yellow residue was washed once more with 25 ml. of water and 
finally suspended in 5 ml. of water. 

Samples (4 to 10 mg.) for assay of radioactivity were mounted as dried 
films on stainless steel planchets, as described by Solomon ef al. (9). Self- 
absorption curves for this range of mass were prepared and applied. The 
radioactivity of the samples was determined with a lead-shielded thin 
window Geiger counter and a commercial automatic scaler. 

In certain cases it was of interest to ascertain the ratio of the C™ incor- 
porated into pyruvate to the C™ incorporated into the total non-protein 
residue. The procedure used was as follows: At the end of the incubation 
period, 1 ml. of 0.24 m HCl was added to release the greater part of the 
bicarbonate as COs. The carbon dioxide sample was immediately taken, ° 
the flask was opened, and an equal volume (12 ml.) of boiling absolute 
ethanol was added. The flask contents were removed, ground, and cen- 
trifuged. The supernatant liquid was made to exactly 25 ml. with water; 
| ml. was removed for pyruvate analysis, 9 ml. for isolation of the hydra- 
zones, and the remainder evaporated in an air stream, | drop of 2 Nn HCl 
being added to insure complete loss of CO». This residue was then dried, 
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in vacuo, over Drierite and NaOH for 24 hours, weighed, and then dis- 
solved in 2 ml. of water and 1 drop of 5n NaOH. An aliquot was trans- 
ferred to a tared planchet, dried, in vacuo, over Drierite for 24 hours, and 
the specific activity of the residue determined. A correction was made 
for the weight of the NaOH added. 


Calculation of Data 
The results are expressed in terms of Q incorporation where 


ul. CO, incorporated 
mg. dry weight of tissue X hrs. 


Q incorporation = 


(1) 


The microliters of CO: incorporated are calculated as follows: 


c.p.m. per mM pyruvate 
c.p.m. per mm CO; 


Microliters CO; = 2 X xX F X mo pyruvate X 22,400 (2) 


The value for F in Equation 2 is 1.26. It represents the conversion 
factor as determined by us to equate a given C™ activity as measured in 
pyruvate hydrazone to the same amount of C™ as measured in BaCOs,. 
Conversion factors of 1.34 are reported by Topper and Hastings (10) and 
1.26 by Yankwich and Weigl (11) in comparing other organic compounds 
with BaCO;. The observed values of CO: incorporated are multiplied 
by 2 in Equation 2, since it is assumed that only half of the tagged fuma- 
rate molecules formed will produce radioactive pyruvate when the reac- 
tion is reversed. The value for “millimoles of pyruvate” in Equation 2 
was obtained by analysis in aerobic experiments and assumed to be the 
initial value of 0.48 in anaerobic experiments. 


Results 


Among the first points which need to be established are the identity of 
the organic material isolated for C™ assay and the position of the C™ in 
the molecule. Data obtained in the classical manner showed that the or- 
ganic substance isolated for C'* assay was the 2 ,4-dinitrophenylhydrazone 
of pyruvic acid and that the C'* was contained predominantly in the car- 
boxyl group. When prepared by the methods described above, the 2,4- 
DNPH gave a melting point (corrected) of 215°. The melting point of a 
known preparation of pyruvic-2 ,4-DNPH was also 215° and there was no 
depression on mixing. Combustion of a sample of the experimental hy- 
drazone with dichromate in acid solution yielded 0.231 mm of CO, from a 
theoretical total of 0.240 mm. Direct decarboxylation of the residual py- 
ruvate (before conversion to the hydrazone) with ceric sulfate in 1 N sul- 
furic acid at room temperature yielded CO, containing 97 per cent of the 
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radioactivity calculated to be present from specific activity data on the 
isolated derivative. 

The absence of significant quantities of radioactive substances other 
than pyruvic-2 ,4-DNPH in the material assayed was ascertained by chro- 
matographic procedures. 

Paper Chromatography—Samples of the 2,4-DNPH of pyruvic, a-keto- 
glutaric, and oxalacetic acids were prepared and recrystallized from etha- 
nol. Dried aliquots of ethanol or sodium bicarbonate solutions of these 
hydrazones were chromatogrammed on strips of Whatman No. | filter 
paper by the ascending method of Williams and Kirby (12) with the sol- 
vents described below. With high concentrations of the hydrazones on 
the paper, their own yellow color was sufficient to mark their presence. 
With low concentrations, however, the paper was sprayed with 2 n sodium 
hydroxide, which produced a purplish red spot. 

With water-saturated phenol as the solvent at room temperature, the 
Rr values of the individual hydrazones were as follows: pyruvic 0.76, 
a-ketoglutaric 0.42, and oxalacetic 0.40. In combinations of these, the 
same Rp values were obtained, the dicarboxylic hydrazones being indis- 
tinguishably mingled in a single spot. When 0.02 m sodium phosphate of 
pH 7.4 was used as the mobile phase, the Rr values were as follows: py- 
ruvic 0.58, a-ketoglutaric 0.66, and oxalacetic 0.77. When a paper pre- 
viously saturated with 0.01 m potassium phthalate at pH 4.0 and dried was 
used with water-saturated ethyl acetate as the mobile phase, the following 
Rr values were obtained: pyruvic 0.82, a-ketoglutaric 0.09, and oxalacetic 
0.05. 

The 2,4-DNPH isolated from incubation mixtures and purified as de- 
scribed under the procedures yielded under each of these conditions a sin- 
gle spot with the Ry, characteristics of the 2,4-DNPH of pyruvic acid. 

Column Chromatography—A column of fullers’ earth (Florex, 60 mesh, 
Floridin Company, Warren, Pennsylvania) 3 inches long and 1 inch in 
diameter was formed by using anhydrous ethanol in the preparation of the 
column, as the solvent for the hydrazones, and as the developing solvent. 
When a sample of the hydrazone isolated from the incubation medium 
and not subjected to purification was chromatogrammed, five bands ap- 
peared, two narrow ones above and two below the wide band characteristic 
of pyruvic-2,4-DNPH. A chromatogram of the hydrazone purified by 
the procedure described above yielded the wide band only. A sample of 
purified hydrazone was recovered by extrusion of the column, extraction 
of the colored portion with 0.01 m NaOH, filtration to remove fullers’ 
earth, and precipitation by addition of concentrated HCl. The specific 
activity of this sample before being chromatogrammed was 2.54 X 104 
c.p.m. perm. The specific activity after recovery from the column was 
2.58 & 10‘ c¢.p.m. per mM. 
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Survey of Animal Tissues—The purpose of this study was not to cata- 
logue the rate of carbon dioxide fixation in a large number of tissues, but 
rather to find a tissue of significant capabilities in this regard and rela- 
tively uncomplicated by many and rapid competing reactions. ‘The use 
of intact retina was suggested by the marked effect of carbon dioxide on 
its metabolism (13). 

The tissues tested and the rates of carbon dioxide fixation which they 
exhibited are listed in Table I. Slices of pigeon liver had the highest rate. 


TABLE I 


Jtate of Incorporation of Carbon Dioxide into Pyruvate by Various 
Avian and Mammalian Tissues 


Q incorporation 
Tissue | Duration (average)° 
Oxygen | Nitrogen 
hrs. | 
4 3 0.12 
4 3 1.2) 
hemidiaphragm....................... 3 1 1.23 1.4 
i 1 2 6.1 


The standard incubation medium as described in the text was used except for rat 
diaphragm, in which case the potassium ion was lowered to 5 mM per liter and the 
sodium ion raised to 155 mm per liter. Temperature, 38°; gas phase, 5 per cent CO, 
plus 95 per cent oxygen or nitrogen as shown. ‘Tissues, retina, and diaphragm, in- 
tact; others, sliced. 

* Microliters of CO2 incorporated into pyruvate per mg. of dry residue per hour. 


Second to this tissue were duck and cattle retina, in order. Rat liver and 
kidney cortex slices showed significant but lower rates. Muscle tissue, on 
the other hand, proved to fix carbon dioxide at an appreciable rate only 
in the case of the intact hemidiaphragm of the rat. It should be noted, 
moreover, that the rate of fixation in this instance is as great as in any of 
the other types of rat tissue. 

Except in the case of cattle retina, on which a complete study of the 
effect of duration of incubation on Q value has been made, the rates shown 
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in Table I are at best indicative. It may be expected as a usual occurrence 
that the duration of the experiment will influence the result; for example, 
the Q of pigeon liver in an experiment of 1 hour’s duration was 40 per cent 
higher than in one of 2 hours. In all cases, we attempted to select a length 
of time during which an easily measurable amount of CO, would be in- 
corporated, while only a minor proportion of the pyruvate would be uti- 
lized. 

In connection with the results obtained with muscle tissue, it should 
be mentioned that crude homogenates (prepared in the standard medium) 
of pigeon heart and breast muscle and rat heart exhibited Q values in the 
range of 0.015 as measured over 3 hour periods. This result, together with 
the data of Table I, indicates that the method of preparation of muscle 
tissue for the measurement of its ability to incorporate COz may be one 
of the important factors influencing the observed rate. These data may 
also help to explain the discrepancy between the suggestion of either 
relative (14) or complete (15) absence of CQO, fixation in muscle tissue 
based on experiments with pigeon breast muscle mince and the recent 
finding of Lorber et al. (16) that as much as 27 per cent of the glycogen in 
the isolated, working cat heart may contain CO, carbon. Our experiments 
show that CO» fixation does occur in a muscle tissue and at a rate, though 
it does not equal that in pigeon liver, which is far from metabolically in- 
significant. 

The results of this survey led us to adopt cattle retina exclusively for 
study of the characteristics of COs: fixation. 


Factors Influencing Rate of Incorporation of CO: by Cattle Retina 


Duration of Incubation—As was noted above (Table 1), the rate of CO, 
incorporation by cattle retina does not appreciably change during as much 
as 3 hours of incubation under aerobic conditions. This is shown graphi- 
cally in Fig. 1 by the straight line relationship between the specific activity 
of the pyruvic-2 ,4-DNPH and the hours of incubation. Under anaerobic 
conditions, on the other hand, the initial rate is not maintained (Fig. 1) 
and the rate progressively decreases with time. Further increase of spe- 
cific activity, anaerobically, beyond that acquired in the first 2 hours was 
sometimes, but not generally, observed. When, however, glucose was 
added under anaerobic conditions, the initial rate was maintained at least 
to the end of the 2nd hour. In contrast to this striking effect on the 
anaerobic incorporation, glucose had a barely significant effect on the 
rate of aerobic incorporation (not shown). The rédle which glucose plays 
in CO, fixation reactions will be dealt with fully in a separate paper. 

It should be pointed out that the data for each point plotted in Fig. 1 
were obtained from separate flasks and hence represent the activities in 
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each case of a different pair of retinas. We have found that the variation 
in activity from retina to retina is remarkably small and that results ob- 
tained within a series of flasks run on the same day are usually in excellent 
agreement. An occasional aberrant value, such as is seen in the aerobic 
experiment of Fig. 1, may be encountered. Two series of retinas run on 
different days may, however, show a slightly wider variation, as illustrated 
by the experiments reported in the next section. 

Pyruvate Concentration—The effect of the pyruvate concentration on 
the rate of incorporation has been studied under anaerobic conditions in 
which alterations in the pyruvate concentration during the experiment 
are at a minimum. The data are shown in Fig. 2 and came from two 
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Fia. 1. Effect of duration of incubation on the rate of CO: fixation by cattle ret- 
ina. Conditions as in Table I. When present, the glucose concentration was 
0.005 m. Data for each point obtained from separate flasks. 


separate experiments run on different days in which the rates observed 
at 0.04 m pyruvate bore a ratio of 1.3 to one another. All the data of one 
experiment were therefore multiplied by this ratio in order to equate the 
data of both experiments and so permit a single plot of the results. This 
plot indicates that the rate of incorporation is a function of the pyruvate 
concentration, albeit not a linear one. Alterations in the pyruvate con- 
centration below the 0.02 to 0.03 m level have a more pronounced effect 
upon the rate than alterations above this level. This is particularly 
strixing in the experiments in which glucose is present. The reason for 
this break in the rate curve is not clear. 

If the data given in Fig. 2 are used to extrapolate to a concentration of 
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0.2 mm per liter of pyruvate, a Q incorporation of 0.03 is obtained. The 
significance of this figure lies in its being a minimum rate for CO: incor- 
poration, in vivo. The concentration selected is that for blood (8) and is 
undoubtedly lower than the intracellular concentration of pyruvate and 
particularly lower than its concentration at the immediate site of its for- 
mation (and utilization ?) within the cell. ~ 

Carbon Dioxide Concentration and pH—The effects of variations in the 
total carbon dioxide concentration and the pH on anaerobic incorporation 
in the absence of glucose and at constant pyruvate concentration are 
shown in Table II. Inspection of the results obtained at a single pH, 


= PYRUVATE 


+ GLUCOSE 

2 
a 

oO 

= PYRUVATE ONLY 


9.02 0.04 0.06 0.08 
PYRUVATE CONCENTRATION: MOLAR 
Fic. 2. Effect of pyruvate concentration on the anaerobic incorporation of CO: 
by cattle retina. Conditions as in Table I. Glucose concentration 0.005 m. Q in- 
corporation in microliters of CO2 per mg. of dry residue per hour. The subscripts 
refer to separate experiments, as described in text. 


e.g. 7.0, reveals that the rate of incorporation under these conditions is 
dependent to a small extent on the total carbon dioxide concentration; 
an increase in rate is obtained by increasing the concentration. It should 
be noted, however, that, to obtain an increase of 15 per cent in the incor- 
poration rate, it was necessary to increase the total carbon dioxide con- 
centration by 300 per cent. The results at each pH level are similar in 
both direction and magnitude. On the other hand, comparison of the 
rates at various pH levels shows that the greatest total concentration of 
carbon dioxide used (80 mm per liter of HCO; , 20 per cent CO:) did not 
produce the highest rate of incorporation. This anomaly seems most 
easily explained by an adverse effect on the rate by the shift to a more 
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alkaline pH. Examination of the data at constant levels of either carbon 
dioxide or bicarbonate concentration with changing pH supports this 
explanation. 

These data do not provide us with a conclusive answer as to the réle of 
the total CO: concentration in retinal carbon dioxide fixation, nor as to 
whether the bicarbonate ion or the CO: molecule is the chief participant. 
At constant pH the enhancement of CQ, fixation is so small compared to 
the increase in CO: concentration required to cause it that the possibility 
exists that the effect of the CO. concentration is elsewhere than on the 
primary fixation reaction. Others (17, 18) have observed striking con- 


TaBLe II 


Effect of Variations in Total Carbon Dioxide Concentration and pH on 
Anaerobic Incorporation by Cattle Retina in Absence of Glucose 


Medium | 
pH* Gas phase, COz Q incorporation? 
HCOs- 
mM per |. | mM per |. | per cent 
7.0 10 | 1.6 | 5 3.25 
7.0 20 3.2 | 10 | 3.52 
7.0 40 | 6.4 20) | 3.74 
7.3 20 6.4 oa) 2.79 
7.3 4) 12.8 10 2.82 
7.3 sO 25.6 20 3.44 
7.6 40 25.6 5 2.14 
7.6 SO) §1.2 10 | 2.60 


Conditions as in Table I except for bicasbonate and CO, concentrations. Gas 
mixtures prepared by displacement of water with satongen and carbon dioxide from 
commercial cylinders. Duration, 1 hour. 

* Calculated from the equation pH = 6.10 + log (HCO;~)/0.032 pCOs. 

t Calculated from the equation CO," = (HCO;-)?/((CO2) X 5 X& 10). 

t Microliters of CO2 incorporated into pyruvate per mg. of dry residue per hour. 


centration effects of CO, and bicarbonate directly on CO fixation. How- 
ever, in these cases either a fine tissue mince or an enzyme solution was 
employed. We are dealing here with an intact tissue and it appears pos- 
sible that changes in the total CO, concentration may, for example, act 
predominantly by shifting the intracellular pH toward the acid side. Such 
a situation was observed for muscle tissue by Wallace and Hastings (19). 
The muscle cell membrane is apparently permeable to CO, but not to bi- 
carbonate. Thus the intracellular CO, tension may change with changing 
external total CO, concentration, but the intracellular bicarbonate ion 
concentration will remain static. The net result is a reduction of intra- 
cellular pH. 
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Effect of Ammonium Ion—A study has also been made of compounds 
that might influence the formation of radioactive pyruvate by their ability 
to compete or react with the products of the incorporation reaction. Chief 
among the compounds tested were some of the intermediates of the citric 
acid cycle. It was found that the addition of oxalacetate, malate, fuma- 
rate, or aspartate increased by varying amounts the rate of formation of 
radioactive pyruvate. With all the other compounds tested either no 
effect or an inhibition was observed. The inhibition was particularly 
marked in the case of a-ketoglutarate and L-glutamate. The interpreta- 
tion of the results of these experiments is not clear to us at present. The 
experimental results are described in detail by Crane (20). 
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Fia. 3. Effect of ammonium ion on the incorporation of CO, by cattle retina. 
Conditions as in Table I. Q incorporation in microliters of CO, per mg. of dry 
residue per hour. 


The effect of the addition of ammonium ion is, however, most striking. 
The study of the effect of this ion was prompted by the thought that its 
reaction with oxalacetate, ketoglutarate, or pyruvate to form amino acids 
might markedly alter the course of the reaction under study. The results 
of such experiments are given in Fig. 3 and show that the ammonium ion 
inhibits the production of radioactive pyruvate either aerobically or anae- 
robically. In both cases the inhibition first occurs at an ammonium ion 
concentration of about 0.001 mM and increases as a logarithmic function of 
the concentration. The data of the aerobic experiments appear to fit best 
a log-log plot, while those of the anaerobic experiments are best fitted to a 
semilog plot. It is possible that this difference is merely a reflection of 
the logarithmic decrease in rate against time observed anaerobically (see 
Fig. 1). 
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This effect of the ammonium ion does not appear to be due to its ability 
to combine with keto acids and so remove them from the reaction mixture. 
If such were the mechanism of its action, then an increase in the radioac- 
tivity of the non-pyruvate fraction of the medium would be expected. The 
data in Table III show that in the presence of ammonium ion the radioac- 
tivity of the total non-protein residue is reduced to about the same degree 
as the pyruvate fraction. The protein portion of the medium also appears 
to be devoid of radioactivity. In one experiment, Dr. C. B. Anfinsen 
isolated the dicarboxylic amino acids from the protein residues for us. No 
radioactivity was found in these acids either with or without ammonium 
ion in the medium. It would appear that the action of the ammonium ion 
is to inhibit the incorporation reaction either directly or through interfer- 
ence with a coupled energy process. 


TaBLeE III 


Effect of Ammonium Ion on Anaerobic Incorporation by Cattle Retina in 
Absence of Added Glucose 


ammonium ion Control 
Total counts in pyruvate, c.p.m. per mM X total 174 1720 
mM 
Total counts in non-protein residue, c.p.m. per 398 3080 
mg. * total mg. 
Per cent of total counts as pyruvate 44 56 


Conditions as in Table I. Duration, 1 hour. The total observed counts in the 
non-protein residue were multiplied by a factor of 2.02 to give the values reported 
here. This factor was determined by comparing the radioactivity of a known 
amount of tagged pyruvate in the form of its hydrazone with its activity in a dried 
residue. 


A study of the effect of variations in the organic ion composition of the 
incubation media showed no effect comparable to that produced by the 
ammonium ion. 


DISCUSSION 


The values given here for CO, incorporation rates are at best relative. 
We have multiplied the observed pyruvate values by 2 on the assumption 
that only one-half of the symmetrical fumarate molecules reverts to radio- 
active pyruvate. If this assumption is not valid, the values given are too 
high. On the other hand, our observed results are lower than the actual 
values, since they do not include the CO: incorporated into compounds 
other than pyruvate. The data in Table III indicate that nearly as much 
radioactive CO:2 appears in the non-pyruvate fraction as in pyruvate. 
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Some of this non-pyruvate material is capable of reaction with 2 ,4-dini- 
trophenylhydrazine, since chromatograms of the products of this reaction 
indicate the presence of four compounds in addition to pyruvate hydra- 
zone. 

The inhibitory effect of ammonium ion observed here deserves further 
study. The toxicity of this ion for mammals is well known, but, so far as 
we are aware, the mechanism of its poisoning action is still unsolved. The 
concentrations of ammonium ion which are inhibitory to the CO, incor- 
poration reaction are similar to those described as toxic for animals. For 
example, Baldwin (21) quotes the value of 5 mg. per 100 ml. (0.0033 m) as 
the lethal concentration of blood ammonia for rabbits. Richter and 
Dawson (22) found that rats injected with ammonium chloride developed 
violent convulsions when the concentration of ammonium ion in the brain 
reached 9 mg. per 100 ml. (0.006 m). Stern (17) has observed an inhibition 
of citrate formation from a-ketoglutarate in the presence of 0.04 m ammo- 
nium ion. He suggests that his findings are due to the conversion of 
a-ketoglutarate to glutamate. More recently, Potter and Recknagel (23) 
have shown that glutamate is produced from intermediates of the citric 
acid cycle in the presence of ammonium ion. In commenting on their 
findings, these workers point out that this process constitutes a drain on 
the regeneration of dicarboxylic acids for pyruvate oxidation and suggest 
that the earlier observations of Edson (24) on the ketogenic action of am- 
monium ion on liver slices may be explained on this basis. We should 
like to suggest that, in addition to this block on the citric acid cycle caused 
by amination of keto acids, ammonium ions may cause a blockage of di- 
carboxylic acid formation by interfering with their synthesis from CO, 
and pyruvate. 


The authors wish to thank Dr. A. K. Solomon for providing facilities 
and technical assistance for the radioactivity assays. 


SUMMARY 


The incorporation of carbon dioxide into organic linkage by animal tis- 
sues has been studied. Unlabeled pyruvate and CO, were incubated 
with tissue for several hours. The residual pyruvate at the end of the 
experiment was isolated and purified as the 2,4-dinitrophenylhydrazone 
and the radioactivity of this derivative was determined. Of the tissues 
studied under aerobic conditions, pigeon liver slices exhibited the highest 
rate of fixation. Next in order were duck retina and cattle retina. Rat 
liver and kidney cortex slices and intact hemidiaphragm showed similar 
but somewhat lower rates. Slices of rat heart, pigeon heart, or pigeon 
breast muscle had barely measurable rates. 
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Cattle retina was selected as the most suitable tissue for a detailed 
study of COz fixation. The rate in this tissue was found to be dependent 
upon the pyruvate and carbon dioxide concentrations and pH and upon 
conditions of aero- or anaerobiosis. In oxygen, the initial rate of fixation 
is maintained for at least 3 hours, whereas anaerobically the rate decreases 
throughout the incubation. Maintenance of the initial anaerobic rate is 
achieved by the addition of glucose. 

Low concentrations of ammonium ion were observed to inhibit the fixa- 
tion of CO, by cattle retina both aerobically and anaerobically. 
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THE DISTRIBUTION OF FREE AMINO ACIDS BETWEEN 
ERYTHROCYTES AND PLASMA IN MAN*t+ 
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In man, the relative concentrations of a-amino nitrogen in tungstic acid 
filtrates of erythrocytes and plasma have been determined by Hamilton 
and Van Slyke, using the ninhydrin method (2). Dunn et al. (3) reported 
assays of free tryptophan in blood serum, plasma, and red blood cells by 
microbiological means with Lactobacillus arabinosus. More recently, Gut- 
man and Alexander (4) determined the level of free glycine and alanine in 
plasma and red cells by chemical methods under fasting and non-fasting 
conditions. The plasma levels of ten individual amino acids in thirty- 
three normal men and women have been previously reported from this lab- 
oratory (5). There is being reported here the concentrations of twelve 
amino acids determined simultaneously in the red blood cells and in the 
plasma of twenty-four normal men. 


EXPERIMENTAL 


About 50 ml. of venous blood were obtained from each donor in the morn- 
ing about 12 hours after the last meal. Clotting was prevented by heparin. 
Hematocrit determinations and centrifugation of the blood were carried 
out immediately. After the removal of plasma, the white cell layer (buffy 
coat) along with adhering plasma and surface red cells was siphoned off 
und discarded. Deproteinization was carried out with tungstic acid. For 
plasma, the method described by Hier and Bergeim (5) was followed in 
principle. Tor red cells the following procedure was adopted: 1 volume! 
of cells was treated with 4 volumes of distilled water and allowed to stand 
for 20 minutes. ‘To this hemolyzed mixture, 1.54 volumes of 10 per cent 
sodium tungstate (dihydrate) and !.65 volumes of 0.667 N sulfuric acid were 
added in rapid succession with vigorous agitation. The precipitate was 
removed and the water-clear filtrate tested to make certain that no detect- 
able tungstate remained and that precipitable protein was absent. The 


* This work was supported by grants from the Nutrition Foundation, Inc., and 
the University of Illinois Research Board. 

t A report on a part of this work was presented at a meeting of the American 
Society of Biological Chemists at Atlantic City, April, 1950 (1). 

‘The red cell portions were routinely weighed and converted to corresponding 
volumes by using the average figure for specific gravity of 1.092. 
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filtrate was then neutralized and concentrated to one-half its volume by 
boiling. Tungstic acid has been shown to be a satisfactory precipitant for 
the removal of proteins in the microbiological estimation of free amino 
acids in plasma (5) and in a variety of tissue extracts (6). Both plasma and 
red cell filtrates were stored in the frozen state in the presence of toluene. 
With slight variations, 1 ml. of red cell filtrate was equivalent to 0.25 ml. 
of cells; 1 ml. of plasma filtrate was equivalent to 0.33 ml. of plasma. 

Microbiological assays on aliquots of plasma and red cell filtrates were 
carried out by procedures previously described (5, 7). 


TABLE I 
Free Amino Acids in Human Blood Plasma and Erythrocytes 


Reported in micrograms of amino acid per ml. of plasma or erythrocytes. 


Plasma Erythrocytes 
| Standard | | | Standard 
| 27 10 16.2 4.3 6.7 2.7 1.4 
14.7) 2.9 | 5.0; 3.9: 0.6 
19 93 13.8 16 16 7.55109 2.5 
[soleucine. 1] 13.4; 2.2 14 49 8.5 2.6 
15 18.6 2.4 18 10 15.4 1.S 
13 21.9 4.5 1S 9.1 ,13.5, 2.8 
| 66; 36: 5.2 0.8 34.813): 
| 7.3 2.4 4.6: 1.6; 2.9 0.7 
414 6.2 10.4 2.0 15 7.2. 10.5 1.8 
34 22 27.2 3.9 25 1 $20.3 2.4 


RESULTS AND DISCUSSION 


In Table I are summarized the free? amino acid levels in plasma and in 
erythrocytes, as determined in twenty-four young men whose average age 
was 24 years. The mean plasma values tabulated are in good agreement 
with reports (5, 8) on ten of the twelve amino acids shown here. Except 
for tryptophan (3), red cell concentrations of the other individual free amino 
acids shown here have apparently not been reported. 

In Table II is shown the mean whole blood level for each of the amino 
acids in these subjects. The values shown were calculated from the hema- 
tocrit and the levels found in each blood fraction. Since the white cell 
layer was discarded in separating plasma from red cells, these calculated 


2In this report, the term ‘‘free’’ amino acid is used in the sense that the amino 
acid is directly or indirectly available to the assay organism. 
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values may be in error to the extent that the white cells vary from plasma 
in amino acid concentration. In this connection, assays of free amino acids 
on several whole blood filtrates along with assays on filtrates from the re- 
spective red cell and plasma fractions showed good agreement between 
assay values and those calculated from the hematocrit in the absence of 
the white blood cells. This observation and the fact that the volume oc- 
cupied by white cells in normal blood is less than 1 per cent make it highly 
improbable that the whole blood values given here would be significantly 
affected. 

Table III shows the ratios of the concentrations of the individual amino 
acids in plasma to their concentrations in red cells. From volume ratios 


TaBLe II 
Free Amino Acids in Human Whole Blood* 
Reported as micrograms of amino acid per ml. of whole blood. 


Amino acid High Low Mean ae 
| 17 8.6 12.4 1.0 
Isoleucine..................... | 15 8.7 11 1.7 
20 14 17 1.6 
Methionine.................... | 7 3.3 5.2 1.0 
Phenylalanine................. | 12 8.2 9.9 1.2 
Tryptophan ............... 10 4.8 7.9 1.3 


* Calculated from hematocrit. 


in the first column, it appeared that phenylalanine, tyrosine, methionine, 
and threonine were about equally distributed between plasma and cells. 
Leucine, histidine, valine, lysine, and isoleucine formed an intermediate 
group in which the plasma concentrations may be somewhat greater than 
those of the cells. Cystine, tryptophan, and arginine constituted a group 
in which the plasma concentrations were significantly higher than cell 
values. It will be noted that the corresponding standard deviations for 
the individual ratios were rather large, indicating that, in a given case, it 
was not possible to predict from the plasma value what the red cell value 
would be, or vice versa. It appeared of interest to determine to what de- 
gree the levels of amino acids observed in cells might be related to their 
lower water content. The ratios shown in the third column were calculated 
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from the concentrations of amino acids in the cell water and in the plasma 
water. On this basis, the first four amino acids would be more concen- 
trated in the cells, while the intermediate group of five would be about 
equally distributed between cell and plasma water. There still remained, 
however, cystine, tryptophan, and arginine, which were significantly higher 
in the plasma water. 

The data presented by Christensen et al. (9) permit the calculation of 
glycine and alanine in plasma and red blood cells under basal conditions 
similar to those used in this study. In one case the pretest level of glycine 
in plasma was 17.1 y per ml., in cells 24.6 y with a ratio of 0.69. For 
alanine, the average values (two cases) were 55.3 and 44.5 respectively, 


TaBLeE III 


Ratios of Concentrations of Free Amino Acids in Plasma to Their Concentrations 
in Erythrocytes 


On basis of plasma and cell | On basis of plasma 
Amino acid volume, mean and standard and cell water,* 

deviation mean 
1.0 + 0.2 0.7 
1.0 + 0.2 0.7 
1.1 + 0.2 0.8 
Ba 1.2 + 0.3 0.9 
1.7 + 0.6 1.2 


*On basis of plasma water taken as 92 per cent and cell water taken as 65 per 
cent. 


with a ratio of 1.26. These amino acids were determined by chemical 
methods which were specific for the uncombined form. The degree of per- 
meability of erythrocytes to glycine and alanine was also indicated by the 
observation that the red cell concentrations approached the plasma levels 
very gradually over several hours after ingestion of liberal amounts of these 
acids. It is interesting to note, in this connection, that dog erythrocytes 
have been found to be freely permeable to infused glycine (10) and that 
the lag period observed by Christensen et al. in man was not detectable. 
Likewise, guinea pig erythrocytes appear to be more permeable to glycine 
but much less permeable to glucose than human cells (11). 

Red cells have been shown to contain arginase (12), which might ac- 
count, at least in part, for the low level of arginine in the cells. However, 
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it was found that the arginine in hemolyzed red cells did not decrease ap- 
preciably during 6 hours incubation at 37°. The relative permeability of 
red cells for arginine as compared with neutral amino-acids does not ap- 
pear to have been studied, although the relative permeability for glutamic 
and aspartic acids has been shown to be very low (13). 

No explanation is offered for the consistently low values obtained for 
tryptophan in cells. The mean values reported here agree well with those 
of Dunn and coworkers (3) who also used microbiological methods. In- 
cubation of hemolyzed red cells over a period of 6 hours did not result in 
lowering the tryptophan level, indicating that enzymatic removal may not 
account for low values observed in cells. Moreover, there is little evidence 
to support the suggestion that plasma contains significant amounts of in- 
dole, anthranilic acid, or other substances which might tend to give high 
values in the microbiological estimation of tryptophan. 

The reasons for the low values for cystine in red cells as compared to 
plasma are also not apparent. In this connection, Hier (14) showed that 
the ingestion of large amounts of cystine resulted in very slight increases 
in the microbiologically available amino acid in the plasma. The possi- 
bility appeared to exist that some of the absorbed cystine passed into the 
red cell. The data presented here do not favor this explanation, unless 
such cystine is transported in the red cell in some combined form such as 
glutathione. That low values for cystine may possibly have been due to 
enzymatic removal was not indicated by the results obtained when hemo- 
lyzed red cells were incubated over a period of 6 hours. A slight increase 
in the microbiologically available cystine was observed. 


SUMMARY 


The preparation of tungstic acid filtrates of erythrocytes for microbio- 
logical assay of free amino acids is described. 

Plasma and red cell levels of twelve free amino acids were determined 
on single blood specimens obtained from twenty-four normal young men 
in a post-absorptive state. 

The mean red cell levels found, with standard deviations, for the various 
amino acids in micrograms per ml. of packed cells were as follows: argi- 
nine 2.7 + 1.4, cystine 3.9 + 0.6, histidine 10.9 + 2.5, isoleucine 8.5 
+ 2.6, leucine 15.4 + 1.8, lysine 13.5 + 2.8, methionine 5.1 + 1.3, phenyl- 
wlanine 9.9 + 1.3, threonine 16.1 + 2.3, tryptophan 2.9 + 0.7, tyrosine 
10.5 + 1.8, and valine 20.3 + 2.4. 

Much lower levels were found for arginine, cystine, and tryptophan in 
red cells than in plasma. 


The authors wish to acknowledge the technical assistance given by 
Miriam Quetsch and Elaine Hacker in carrying out this work. 
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UTILIZATION OF DESOXYRIBOSIDES IN THE SYNTHESIS 
OF POLYNUCLEOTIDES 


By PETER REICHARD anp BENGT ESTBORN 


(From the Biochemical Department, Karolinska Institutet, Stockholm. 
Sweden) 


(Received for publication, September 20, 1950) 


In previous work from this laboratory (1) it was shown that the me- 
tabolism of the pyrimidine ribonucleosides, 7.e. compounds consisting of 
pyrimidines bound to ribose, is different from that of the pyrimidines. The 
free bases cannot be utilized for the synthesis of pyrimidines of polynucleo- 
tides (2,3). After subcutaneous injection of isotopically marked cytidine 
and uridine in the rat, however, the pyrimidines from both ribonucleic 
acid (PNA) and to a lesser degree desoxyribonucleic acid (DNA) showed a 
significant uptake of the isotope. The dilution of the isotope from the 
injected riboside to the pyrimidines of PNA and DNA respectively was 
much smaller in the case of cytidine than in the case of uridine. 

An interesting fact noted in this experiment was that not only the py- 
rimidines from PNA but also those from DNA took up a significant amount 
of the isotope. It was then concluded that this was indirect evidence for 
a direct transformation of a pyrimidine riboside to a pyrimidine desoxyri- 
boside in the rat. 

The amount of isotope in the pyrimidines of DNA was considerably 
smaller than in the PNA pyrimidines. This was in agreement with pre- 
vious experiments in which orotic acid (4, 5) and glycine (5) were used as 
the isotopic precursors. On the other hand the amount of isotope in 
DNA pyrimidines in all these experiments was much too high to be in agree- 
ment with the experimental data of Furst, Roll, and Brown (6). These 
authors had, with the aid of N"-adenine as precursor for polynucleotide 
purines, found evidence for an almost complete metabolic inertness of 
DNA. 

In the present investigation N'*-desoxyribosides were used as precursors 
of polynucleotides. It was hoped that these experiments might give some 
more information on the synthesis of bases in DNA. For this purpose a 
method had first to be worked out by the present authors (7) which made 
it possible to obtain the desoxyribosides of guanine, hypoxanthine, thy- 
mine, and cytosine from gm. amounts of DNA. With the aid of this 
method each of the four desoxyribosides containing an excess N!® of 4.20 
atom per cent was prepared from N'5-DNA. This DNA was isolated from 
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Escherichia colt which had been allowed to grow on an N'>-containing 
medium. 

Of the four desoxyribosides, desoxyguanosine was not included in the 
present experiments, since it was shown previously by Hammarsten and 
Reichard (8) that N'5-guanosine does not enter polynucleotides. In the 
first experiment each of the three other desoxyribosides was injected into 
three different groups of rats. After 3 days the rats were killed and the 
polynucleotides prepared from the pooled internal organs from each group 
according to the method of Hammarsten (9). From each polynucleotide 


TABLE I[ 
Administration of N'5-Desoxyribosides of Hypoxanthine, Cytosine, and Thymine 


Each desoxyriboside was separately injected into three groups of two rats at a 
level of 80 mg. per kilo of body weight and day during 3 days. 


| 


Desoxyhyp thosi Desoxycytidine Thymidine 
Per cent 
atom = | ner cent N16 in atom basis of 100 | atom basis of 100 
per cent per cent |per cent N's in per cent |per cent in 
solated excess | excess |desoxycytidine excess | thymidine 
injected | injected 
Injected desoxynucleoside 
4.20 100 4.20 100 4.20 100 i 
PNA | Cytidine 0.004 0.09 0.003 0.07 0.007 0.17 
Uridine 0.001 0.02 0.003 0.07 0.006 0.14 
Adenine 0.001 0.02 0.006 0.14 0.003 0.07 
Guanine 0.003 0.07 0.003 0.07 0.002 0.05 
DNA | Cytosine 0.006 0.14 0.085 2.0 0.004 0.09 
Thymine 0.007 0.17 0.073 BY 0.097 2.3 
Adenine 0.002 0.05 0.0U2 0.05 0.001 0.02 
Guanine 0.001 0.02 0.005 0.12 0.003 0.07 
“‘Protein’”’ 0.003 0.07 0.004 0.09 0.006 0.14 


purines and pyrimidines were isolated and analyzed for N'® in the mass 
spectrometer. The results are summarized in Table I. 

Desoxyhypoxanthosine obviously is not used at all for the synthesis of any 
base. Desoxycytidine shows a low but significant uptake of the isotope 
in both pyrimidines from DNA. The isotope from thymidine enters only 
thymine in DNA. In no case do the purines or the pyrimidines from 
PNA show any significant amount of N!. 

In this first experiment the rats were rather small. It might be possible 
that there exists a greater difference in the renewal of DNA in these ani- 
mals compared with larger rats. Rats weighing 150 to 200 gm. have 
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for the most part been used in all experiments in this laboratory, while 
Furst et al., in their experiments on the renewal of DNA (6), used animals 
of about 300 gm. 

Because of the probability that size might have an effect, two groups of 
rats were selected in the second experiment, the first containing small 
animals and the second considerably larger ones. During 3 days all the 
rats received the same amount of N'-thymidine, calculated on the basis 
of their body weight. At the same time a third group of rats was sub- 
jected to partial hepatectomy and received isotopic thymidine over a 


TaBLeE II 
Administration of N'5-Thymidine to Small Rats (Group 1), Large Rats (Group 2), 
and Partially Hepatectomized Rats (Group $) 


Each animal received a total of 240 mg. of thymidine per kilo of body weight, 
the rats of Groups 1 and 2 during 3 days, those of Group 3 during 10 hours. 


Group 1 Group 2 Group 3 


Per cent N'!5 Per cent N'5 Per cent N45 
N35, calculated on N34, calculated on N35, calculated on 
atom basis of 100 atom basis of 100 atom basis of 100 


per cent per cent N'5 in’ per cent per cent N'5 in| per cent per cent N!5 in 
Isolated excess ymidine excess thymidine excess thymidine 
injected injected injected 


Injected thymidine 


4.20 100 4.20 100 4.20 100 
PNA Cytidine 0.006 0.14 0.003 0.07 0.009 0.21 
Uridine 0.007 0.17 0.002 0.05 0.010 0.24 
Adenine 0.003 0.07 0.001 0.02 0.006 0.14 
Guanine 0.002 0.05 0.001 0.02 0.006 0.14 
DNA Cytosine 0.006 0.14 0.004 0.09 0.012 0.28 
Thymine 0.090 2.1 0.103 2.5 0.136 3.2 
Adenine 0.002 0.05 0.004 0.09 Lost 
Guanine 0.003 0.07 0.006 0.14 0.001 0.02 
“‘Protein”’ 0.010 0.24 


period of 10 hours during the early stages of regeneration. In Groups 1 
and 2 purines and pyrimidines were isolated from DNA and PNA from 
the combined internal organs; in Group 3 the same compounds were iso- 
lated from the combined livers. All substances were analyzed for N"*®. 
The results are summarized in Table II. 

The difference in the uptake of N' between Groups | and 2 is very little; 
the thymine of Group 2 has a somewhat higher excess of N'5 than that of 
Group 1. In Group 3, as in Groups 1 and 2, only thymine contains any 
significant amount of isotope. During 10 hours more isotope has been 
taken up here than during 3 days in Groups 1 and 2. 
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EXPERIMENTAL 


Cultivation of E. coli—F¥or the biological preparation of the isotopic 
desoxyribosides E. colt was chosen, as this bacterial species is easily grown 
on a synthetic medium. It also contains considerable amounts of both 
PNA and DNA. A strain growing on a synthetic medium was obtained 
by courtesy of Professor Malmgren from the Bacteriological Department 
of the Karolinska Institutet. The medium had the following composition: 
sodium lactate 10 parts, ammonium chloride 1, secondary potassium 
phosphate 0.3, primary potassium phosphate 0.7, sodium sulfate 0.1, 
MgSO,-7H20 0.02, distilled water 1000. 

In the actual experiment the ammonium chloride contained an excess 
of N!5 of 4.20 atom per cent. 

About 2 ml. of a bacterial suspension in non-isotopic medium (about 
5.10° bacteria per ml.) were added to 2 liters of synthetic substrate con- 
taining N’®, The bacteria were allowed to proliferate for 24 hours at 37°. 
Stirring was achieved by passing a rapid stream of a gas containing 99.8 
per cent O, and 0.2 per cent CO, through the bacterial suspension. After 
24 hours the milky suspension was added to 100 liters of fresh N'® medium 
and the bacteria were allowed to grow for another 24 hours at 37° under 
gas bubbling and mechanical stirring. Sterile precautions were taken 
during the whole experiment. At the end of the experiment the bacteria 
were harvested by centrifugation in a Sharples centrifuge and dried with 
alcohol and ether. In this way 118 gm. of dry bacteria were obtained. 
All nitrogenous compounds of the bacteria investigated had the same 
N!5 excess as the ammonium chloride in the medium. The remainder of 
most of the nitrogen in the medium could be recovered by distillation with 
strong alkali, as described by Schoenheimer and Ratner (10). 

Preparation of DNA—The dry bacteria were mixed with 10 times their 
weight of glass powder, suspended in alcohol, and fragmented by vi- 
bration with the aid of small glass balls as described by Hammarsten (9). 
The vibration was carried out for | week. The subsequent extraction of 
polynucleotides and isolation of the lanthanum salt of DNA were carried 
out according to Hammarsten (9). The La DNA was transferred to Na 
DNA as described by Reichard (5) and dried with alcohol and ether. 
2.9 gm. of dry crude DNA were obtained. 

Isolation of Desoxyribosides—The principles for the isolation of the 
desoxyribosides have been outlined in a previous publication (7). Be- 
fore the DNA could be subjected to enzymatic degradation with intestinal 
phosphatases it was, however, necessary to achieve a partial depolymeriza- 
tion of the polynucleotide in order to obtain a DNA of the size of Feulgen’s 
b-nucleic acid (11), as the phosphatase mixture attacks, only the latter. 
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This was achieved by treating the DNA with a crude preparation of 
desoxyribonuclease. 

For that purpose the whole amount of the DNA was dissolved in 1 liter 
of water. 10 ml. of 0.8 m MgSO, were added and the pH of the solution 
adjusted to 6.5 to 7.0 by the addition of 0.1 N NaOH. To the solution 
200 mg. of a preparation of desoxyribonuclease prepared according to 
McCarty (12) were added, and the mixture was allowed to digest at 37° 
for 1 day. The pH was kept constant by addition of 0.1 N NaOH during 
digestion. 

After 24 hours the intestinai phosphatase, ammonia-ammonium sul- 
fate buffer, and magnesium sulfate were added directly to the solution. 
The further preliminary separations and the ion exchange chromatograms 
were the same as described previously (7). After removal of buffer from 
the effluent from the Dowex chromatograms the separate desoxyribosides 
were further purified by starch chromatograms. Columns with a diameter 
of 8 cm. were used. The capacity of such a column was 50 to 80 mg. of 
the desoxyriboside. When more material was needed, several columns 
were used for the same desoxyriboside. The technique of the chromato- 
gram was the same as in the previous paper (7). After the starch chroma- 
tograms freedom from foreign nitrogen was established for each desoxy- 
riboside by the ratio Emax./(micrograms of N per ml.). This ratio in each 
case checked very well with ratios obtained on standard samples (7). 

Administration of Isotope; First Experiment—Six rats weighing 130 
to 150 gm. each were divided into three groups of two rats each. Group 
1 received desoxyhypoxanthosine, Group 2 desoxycytidine, and Group 3 
thymidine. Each desoxyriboside was injected subcutaneously at a level 
of 80 mg. per kilo of body weight and day during 3 days. The daily 
amount was divided into two doses, which were given at approximately a 
12 hour interval. 

Second Experiment—Group 1 in this experiment comprised two rats 
weighing about 150 gm. each, Group 2 of two animals weighing about 
300 gm. each, and Group 3 of three animals weighing about 150 gm. each. 
The rats of Groups 1 and 2 received a total of 240 mg. of thymidine per 
kilo of body weight administered in the same way as in the first experi- 
ment. The rats of Group 3 were subjected to partial hepatectomy by the 
method used in this laboratory (13). Starting 18 hours after the opera- 
tion, each rat received a total of 240 mg. of thymidine per kilo of body 
weight divided into five subcutaneous injections at 2 hour intervals. 28 
hours after the operation the rats were killed. 

Preparation of Purines and Pyrimidines—After a preliminary prepara- 
tion and separation of the polynucleotides according to Hammarsten (9), 
the purines and pyrimidines from DNA and the purines and pyrimidine 
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ribosides from PNA were isolated as described previously (5, 14, 15) and 
analyzed for N'® in the mass spectrometer. In most cases the ratio Emax./ 
(micrograms of N per ml.) was checked as a criterion of purity. It was 
found to agree with the standard values within the usual limits. 

As usual, a trichloroacetic acid-insoluble fraction was prepared which 
was considered to represent “proteins.”’ 


DISCUSSION 


Because of the rather low excess of N™ in the administered isotopic 
precursors, even in a positive case the bases of DNA would contain only 
very small amounts of N'®. Only excesses of N'5 above the ‘‘background”’ 
by a factor of about 10 are considered as being positive results. In these 
cases it is assumed that a direct transformation of the administered des- 
oxyriboside to the base within the polynucleotide has taken place without 
cleavage of the ring structure. 

The earlier finding of Hammarsten, Reichard, and Saluste (1) that the 
isotopic cytosine ring from cytidine enters cytosine and thymine in DNA 
made it probable that a transformation of ribose to desoxyribose had taken 
place while the carbohydrate was attached to the pyrimidine. The reason 
for this was that cytosine could not first be split off from ribose and then 
attached to desoxyribose for the synthesis of a desoxyriboside because free 
cytosine, as shown by Bendich et al. (3), cannot be utilized for the synthe- 
sis of cytosine in polynucleotides. The present results show that the sup- 
posed transformation of cytidine to desoxycytidine cannot be reversible. 
The reason for this is that when isotopic cytosine or thymine coupled with 
desoxyribose was administered as the precursor the pyrimidines from PNA 
did not contain any isotope. 

Desoxycytidine enters both thymine and cytosine from DNA, while 
thymidine only enters thymine. In this case, too, the rat seems to have an 
enzyme system which makes possible an irreversible transformation; that 
is, the transformation of desoxycytidine to thymidine. 

Desoxyhypoxanthosine could not be utilized at all for the synthesis of 
any compounds building up nucleic acids. Thus it showed the same meta- 
bolic inertness as the PNA riboside guanosine (8). No attempt was made 
to prepare isotopic desoxyadenosine, since adenine is the only free base of 
all the bases constituting nucleic acids which can be used directly for the 
synthesis of new nucleic acids (16). Thus it would have been very diffi- 
cult to interpret results obtained with the desoxyriboside of adenine. 

Furst et al. (6) have found that when N'5-adenine was used as precursor 
the N}5 content of the purines from DNA was only about 1 per cent of the 
N15 of PNA purines. These authors believed this to indicate that the DNA 
purines do not participate in the general dynamic equilibrium of other 
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nitrogenous components. This would be of very great theoretical interest 
because of the supposed location of DNA in genes. Previous experiments 
from this laboratory with N'-glycine (5) as precursor for polynucleotide 
purines, however, do not support this view. The amount of N' in purines 
in these experiments was considerably lower in DNA than in PNA, but 
still much higher than in the experiments of Furst et al. In the case of 
DNA pyrimidines the uptake of N!5 was also considerable in other experi- 
ments with isotopic orotic acid (5) and cytidine (1) and not compatible 
with the above theories, if one does not assume that pyrimidines in DNA 
show a different, faster turnover rate compared with purines. 

The first experiment in the present paper gives comparable results: if 
one does not consider dilution of the administered N'-desoxyribosides 
with non-isotopic desoxyribosides produced by the rat, about 2 per cent 
of the DNA pyrimidines is synthesized during 3 days. These values 
could thus be considered as a minimum value for the renewal and turnover 
of DNA pyrimidines. They agree rather well with corresponding values 
from experiments with orotic acid (1 to 1.5 per cent) and cytidine (1.6 to 
4.4 per cent). 

In the present experiments the N!* was located only in the pyrimidines 
of DNA. Contamination with PNA pyrimidines during the preparation 
thus could not be the cause for the presence of the N'®. This was, of course, 
also in the previous experiments highly improbable, at least for the pyri- 
midines, since thymine exists only in DNA. Nor can the disagreement 
with the results of Furst et al. be explained by the difference in size of the 
animals used. This is clearly demonstrated by the second experiment in 
the present investigation. The possible formation of more new cell nuclei 
in the small animal compared with the larger one obviously influences the 
uptake of N° very little. This seems, however, to be the case in regener- 
ating liver, in which the growth, and therefore the formation of new cell 
nuclei, is very much faster. In the latter case more isotope is taken up in 
10 hours than during 3 days under normal conditions. 

It should be kept in mind that the method used by Furst et al. for the 
preparation of DNA is that of Schmidt and Thannhauser (17) and differs 
from that of Hammarsten (9) which has been used here. In particular the 
methods of extraction of the polynucleotides differ from each other, al- 
though the principles for the separation of DNA from PNA are the same. 
In both cases DNA is defined by its stability against relatively mild alka- 
line’ hydrolysis, though the conditions of hydrolysis are somewhat dif- 
ferent. 

Under normal conditions isotopic adenine practically enters only PNA 
purines. In the same way desoxycytidine and thymidine enter only the 
pyrimidines of DNA. This makes it possible to use these substances in 
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experiments in which one only intends to label DNA and not PNA or 
proteins. This might be the case in cytochemical studies, e.g. radioauto- 
graphs. 


SUMMARY 


N?5-Desoxyribosides of cytosine, thymine, and hypoxanthine were pre- 
pared biologically by allowing Escherichia coli to grow on a synthetic me- 
dium containing N'®H,* and isolating the desoxyribosides from the N'- 
DNA formed. 

The desoxyribosides were injected into rats and their utilization studied 
by N* analysis of purines and pyrimidines from DNA and PNA. Des- 
oxycytidine is utilized for the synthesis of thymine and cytosine in DNA 
and thymidine for the synthesis of thymine in DNA. Desoxyhypoxan- 
thosine is not utilized for the synthesis of any purines or pyrimidines in 
polynucleotides. 


The authors gratefully acknowledge the technical assistance of Mrs. 
Lisa Vestermark. 
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INTERRELATIONSHIPS OF OXALACETIC AND I-MALIC ACIDS 
IN CARBON DIOXIDE FIXATION* 


By M. F. UTTER 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University , Cleveland, Ohio) 


’ (Received for publication, June 26, 1950) 


Studies of the incorporation of CO. into the dicarboxylic acids have 
centered on two reactions: (a) the reversible oxidative decarboxylation of 
l-malic acid (Reaction 1) as demonstrated in extracts of pigeon liver (1) 
and plants (2), and (6) the incorporation of isotopic CO: into oxalacetate 
during its decarboxylation (Reaction 2) by bacteria (3) or extracts of 
pigeon liver (4). 


“malicenzyme” _ 
l-Malate + TPNox. — CO, + pyruvate + TPNrea. (1) 


“oxalacetate carboxylase” _ 
Oxalacetate — CO; + pyruvate (2) 


Reaction 1 requires TPN,! as shown, while the incorporation of CO, into 
oxalacetate during Reaction 2 is catalyzed by ATP in pigeon liver ex- 
tracts (4, 5), although not in bacterial preparations (6). 

The relationship between the two reactions has been obscure, although 
some information is available. It has been reported that ATP has no 
effect on Reaction 1 (1) and that TPN cannot replace ATP in Reaction 2 
(5).2. Ochoa et al. (1) believe that it is unlikely that Reaction 1 is a sum- 
mation of Reaction 2 and an oxidation-reduction reaction similar to that 
catalyzed by malic dehydrogenase, since oxalacetate cannot be substituted 
for pyruvate and CO, in reversing Reaction 1. 

Recently Veiga Salles et al. (7) suggested that Reaction 1 may be the 
primary reaction for CO, fixation in dicarboxylic acids and that the reversal 


* Supported in part by a contract between Western Reserve University and the 
Office of Naval Research and the Atomic Energy Commission, and by the Elisabeth 
Severance Prentiss Foundation. The C™ was obtained on allocation from 
the United States Atomic Energy Commission. A preliminary report of this inves- 
tigation was presented before the American Society of Biological Chemists at At- 
lantie City, April, 1950. 

1 The following abbreviations have been used throughout: TPN = triphospho- 
pyridine nucleotide, DPN = diphosphopyridine nucleotide, ATP = adenosinetri- 
phosphate, DPNase = diphosphopyridine nucleosidase. 

2 Utter, M. F., unpublished results. 
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of Reaction 2 may be a summation of Reaction 1 and the action of malic 
dehydrogenase action as shown below.’ 


C*O, + pyruvate + TPNrea.  malate* + TPNox. (1, a) 
malic dehydrogenase _ 

Malate* + TPNax. « —— oxalacetate* + TPNrea. (3) 

C*O, + pyruvate = oxalacetate* (1, a + 3) 


By this proposed mechanism CO, would enter oxalacetate by way of 
malate, although the malate need be present in catalytic amounts only. 

The foregoing suggestion had the following experimental bases: (a) 
purified ‘‘malic enzyme” fixed CO: in oxalacetate only when malic dehydro- 
genase was added, (b) catalytic amounts of malate replaced ATP in the 
fixation CO, in oxalacetate by unpurified enzyme preparations under certain 
conditions, in accord with the idea that the function of ATP was linked to 
the formation of malate from endogenous materials, and (c) a non-correla- 
tion between the activity of oxalacetate carboxylases as measured by de- 
carboxylation and by ability to fix CO. in oxalacetate had been reported 
(8, 9). None of the above points constitutes direct evidence for the 
hypothesis that Reaction 1 is the primary fixation reaction in the incorpora- 
tion of labeled CO, in oxalacetate in the oxalacetate carboxylase reaction, 
although (a) demonstrates that oxalacetate may be formed via malate. 

In the present investigation the relationship between oxalacetate and l- 
malate in CO, fixation has been studied, with particular emphasis on the 
possible réle of malate as a precursor of oxalacetate in the oxalacetate 
carboxylase reaction. The relative specific activities of the two acids have 
been determined under experimental conditions favoring Reaction 1 (7.e., 
the presence of TPN) and Reaction 2 (1.e., the presence of ATP), respec- 
tively. 

The results do not support the thesis that malate is a precursor of oxal- 
acetate in Reaction 2 or that oxalacetate is a precursor of malate in the 
reaction catalyzed by “malic enzyme.” 


Materials 
Pigeon Liver Preparations—Acetone powders were prepared from pigeon 
liver as described previously (4). The powders deteriorate slowly even 
when kept cold and dry in so far as the reactions under study are concerned. 
For use the powder was mixed thoroughly with 8 parts of water or 0.02 m 


potassium phosphate buffer (pH 7.8) and extracted for 15 minutes at 38°. 
After centrifugation, the supernatant was dialyzed for 5 to 6 hours against 


3 The incorporation of a labeled C atom in the molecule is indicated without re- 
gard to the position by an asterisk in the above equations. 
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0.9 per cent potassium chloride at 5-7°. The dialyzed extract was stored 
overnight in the frozen state before use. 

Brain DPNase—In some experiments, the extract was treated prior to 
dialysis with a preparation of mouse brain capable of destroying DPN and 
other substances. Brain DPNase was prepared by homogenizing one or 
more freshly excised brains in 10 volumes of 0.004 m phosphate buffer 
(pH 7.5), centrifuging for 15 minutes at 3000 r.p.m. in a Servall angle 
centrifuge, and washing the precipitate twice with 0.02 m phosphate buffer 
(pH 7.8). After the final centrifugation, the residue was mixed with the 
same amount of pigeon extract, incubated for 30 minutes at 38°, and the 
brain particles removed by centrifugation. The pigeon liver extract was 
then dialyzed as described. 

Reaction Components—Oxalacetic acid was prepared from the com- 
mercial ethyl ester by hydrolysis (10) and recrystallized twice from acetone 
and benzene. 

The l-malic acid used was obtained by two recrystallizations of the 
commercial acid from acetone and benzene. 

The sodium salt of ATP was prepared from ATP isolated from rabbit 
muscle as the barium salt (11). In some experiments, a commercial sodium 
salt was used without demonstrable alteration of results. 

TPN was isolated from pork liver by the chromatographic procedure 
described by LePage and Mueller (12). Spectrophotometric assay with 
Zwischenferment (13) indicated a purity of about 40 per cent. 


Methods 


Procedure for Fixation Experiments—Unless otherwise noted, the ex- 
‘periments were run in Warburg vessels with enzyme preparation in one 
side arm and NaHCO; in the other. The main chamber contained the 

other components, including oxalacetate neutralized to pH 6.2 to 6.4 with 
Na3PQ, just before use. After an N. atmosphere had been established in 
the vessel and temperature equilibrium attained, the contents of the side 
arm were tipped in, yielding a well buffered solution with a final pH of 
7.2 to 7.3. At the end of the incubation period, the reaction was stopped 
by tipping in H2SQ, sufficient to give a concentration of about 0.1 N. 
After centrifugation the reaction mixture was analyzed as described in 
the next subsections. 

Determination and Degradation of Oxalacetate—The decarboxylation of 
oxalacetate to CO. and pyruvate by Al+++, as described by Krebs and 
Eggleston (14), was used for the determination of oxalacetate and also as 
a degradation procedure to obtain the carboxyl group 8 to the carbonyl 
group. In the latter process, the residual C“O2 was removed by a rapid 
passage of tank CO, through the mixture, followed by CO-free air. The 
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solution was then placed in vessels containing Al**+* and potassium acid 
phthalate in the side arms and a 2.5 N solution of carbonate-free NaOH 
in the center well, and the decarboxylation reaction carried out. The col- 
lected CO2 was washed from the center well with dilute NaOH and plated 
directly on paper disks by a method similar to that described by Henriques 
et al. (15). Frequent control runs have shown that no appreciable CO, re- 
mains after the rinsing procedure and also that the manometric and 
plating procedures give zero values under the conditions described when 
oxalacetate is omitted. In a few experiments in which it was desirable 
to assess the C™ content of the a-carboxyl of oxalacetate, the pyruvate 
obtained from the Al*+*+ decarboxylation was oxidized to CO, and acetic 
acid by ceric sulfate (16) in Warburg flasks and the CO, collected and 
plated as described above. This method is not specific when run on a 
reaction mixture following decarboxylation by Al*** and yields COz not 
only from pyruvate formed in the Al*** reaction but also from the pyru- 
vate formed previously, as well as from malate and lactate. 

Degradation of |-Malate—In most of the experiments, the C™ content 
of the carboxyl group of malate 8 to the carbinol group was obtained by 
the use of the malate-adapted strain of Lactobacillus arabinosus described 
by Korkes and Ochoa (17). This process was preceded by a partial 
purification of malate by chromatographic means to remove other sub- 
stances attacked by the cells (e.g. fumarate and pyruvate). An aliquot 
of the acidified and centrifuged reaction mixture was made 3 N with respect 
to HSO,, heated in a boiling water bath for 25 minutes to destroy oxal- 
acetate, and the solution incorporated into Celite (Johns-Manville, No. 
535, 2 gm. per ml. of solution) which had previously been washed thor- 
oughly with ether. The Celite mixture was packed into a small glass 
column with an inside diameter of 1.2 cm. above a base of 1 gm. of Celite 
made up with 0.5 ml. of 3 N H.SO,. Fumarate and pyruvate were eluted 
from the column with 5 per cent butanol in chloroform. With a 5 gm. 
column, 50 ml. of the eluant are sufficient to remove 100 um each of fuma- 
rate and pyruvate. The malate was then eluted with ether (about 200 
ml. per 100 um). After the addition of a small amount of water, the ether 
was removed at room temperature with a jet of dry air and the water layer 
adjusted carefully to pH 4.5 with NaOH. The solution was then placed 
in a Warburg vessel containing 0.1 & 10-3m Mn**, 1 ml. of the Lactobacillus 
suspended in 0.5 m phosphate buffer (pH 4.5), and 2.5 n NaOH in the 
center well. After replacement of the air with Ne, the malate was fer- 
mented to CO, and lactate and the CO, plated as BaCQ3. 

In some cases, the a-carboxyl of the malate was obtained by an oxidation 
by Cet+* of the lactate resulting from the malate fermentation after 
acidification, boiling, and removal of the cells by centrifugation. Controls 
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without malate were always included in these degradations, but no sig- 
nificant amount of BaCO; results from endogenous sources with well 
washed cells. However, the Ce*t*+*+t oxidation has a small blank value 
(0.5 to 1.5 mg. of BaCO 3) due to oxidizable substances extracted from 
the cells. The blank values have been subtracted in all cases in which 
Cet+++ oxidation of lactate has been performed. 

In some experiments, the a-COOH of malate was obtained directly as 
CO by treatment with concentrated H.SO, at 50° for 2 hours, followed 
by a gradual warming to 80°. The CO was converted to CO, (18) and 
plated as BaCO;. ‘The method is similar to that used by Weinhouse et al. 
(19) for obtaining the tertiary carboxyl of citrate. The malate degrada- 
tion yields theoretical amounts of CO (measured as CO.) from known 
samples of malate. A very small amount of CQ, is also obtained, pre- 
sumably from the B-COOH, but the CO, can be removed prior to the 
oxidation of the CO. 

The determination of malate by the Lactobacillus fermentation method 
involves a possible loss in radioactivity from the B-carboxyl and a con- 
comitant gain in the a-carboxyl through randomization by equilibration 
with fumarate by the pathway shown below. 


C*OOH-CH:-CHOH:COOH — C*OOH:-CH:CH:-C*OOH 
— C*OOH-CH::CHOH-C*OOH — C*O, + CH:-CHOH-C*OOH 


Theoretically, the values determined for the 6-carboxyl might be as 
low as one-half the actual values if randomization were complete. An 
experiment was carried out to learn the extent of the error introduced by 
the degradative procedures. C'-Malate was prepared biologically by 
incubating the pigeon liver enzyme with NaHC"“O;, TPN, and malate. 
The malate was recovered, purified, and degraded insanely to determine 
the C™ content of the two carboxyl groups by use of the concentrated 
H.SO, method, described previously, to determine the a-carboxyl group 
and by calculation of the maximum C" content of the 8-carboxyl groups 
as the difference between the total counts in the malate molecule, as 
determined by persulfate oxidation (20), and the a-carboxyl groups. A 
second aliquot of the malate was then degraded with Lactobacillus. The 
loss of activity from the 8-carboxyl by randomization during the bacterial 
degradation was found to be between 9 and 13 per cent. An error of this 
magnitude will not alter conclusions based on large differences in specific 
activity. 

Chromatography—lIn a few cases larger amounts of malate or oxalacetate 
have been purified by chromatographic procedures. The substances were 
extracted from the deproteinated and acidified reaction mixtures after 
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incorporation in Celite. After evaporation of the ether, the small aqueous 
residues were lyophilized, taken up in butanol-chloroform, and chromato- 
graphed on silica gel columns (21). The methods are modifications of the 
technique described by Isherwood (22). Certain relevant details are in- 
cluded in the description of the individual experiments under ‘Results 
and discussion.” 

Counting—The BaCO; was counted in finite thickness with an end 
window Geiger-Miiller tube with an efficiency of about 10 per cent under 
the geometry obtaining and corrected for self-absorption. The samples 
were counted sufficiently long to insure a counting error of +3 per cent. 
The results are reported either in terms of the actual corrected counts 
observed or as specific activity (counts per minute per mg. of carbon). 


TABLE I 
Replacement of ATP by Malate and TPN in Oxalacetate Carbozylase Reaction 


8-COOH of residual oxalacetate 
Additions 
BaCO, Total counts Specific activity® 
mg. 
3 uM l-malate + 1.5 um TPN.... | 10.6 54 | 83 


Each experiment contained the following in a total volume of 2.0 ml., in addition 
to the substances noted in the table: 0.4 ml. of enzyme, 120 um of oxalacetate (neu- 
tralized to pH 6.4 with Na;PQ,), 4 um of MnCl, and 100 um of NaHCO; contain- 
ing 35,500 counts. Incubated for 4 minutes at 38°. 

* Counts per minute per mg. of C. 


RESULTS AND DISCUSSION 


Substitution of l-Malate for ATP—If the hypothesis that oxalacetate is 
formed via malate is correct, catalytic amounts of this substance should 
be able to replace ATP. The results of such a study are presented in 
Table I. The experimental time was short in order to permit better dif- 
ferentiation between reactions with different rates. It is clear that under 
these conditions malate exerts no stimulatory effect, TPN alone a slight 
effect, and the two combined a relatively small effect when compared with 
ATP. 

In experiments not shown here, it has been found that the discrepancy 
between the ATP and TPN malate-catalyzed fixations lessens with longer 
incubation periods. On the other hand, even in longer experiments, the 
addition of catalytic amounts of malate without TPN caused only a slight 
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stimulation of CO, fixation over that in the control to which no additions 
were made. 

CO, Fixation into Oxalacetate and Malate with ATP—Although the 
results of Table I indicate that catalytic amounts of malate will not re- 
place ATP even in the presence of TPN, for a more critical examination 
of the réle of malate in the oxalacetate carboxylase reaction it was neces- 


TABLE II 
Effect of ATP on Incorporation of C“O; into Oxalacetate and |l-Malate 
8-COOH of residual acids 
Ratio, 
Time of oxalacetate 
Treatment of enzyme an at Oxalacetate Malate malate 
c 
Total Specific Total activity 
counts activity counts activity 
min. 
Dialysis 4 356 649 100 207 3.13 
(32)* (67) 
8 365 810 184 397 2.04 
(34) (72) 
16 347 947 376 781 1.21 
(63) (131) 
Pretreatment with 4 323 623 32 68 9.10 
brain DPNase fol- (23) (50) 
lowed by dialysis 8 421 908 63 135 6.71 
(31) (67) 
16 411 1088 97 215 5.07 
(40) (88) 


Each vessel contained the following in a total volume of 4.0 ml.: 0.8 ml. of en- 
zyme, 160 um of oxalacetate (neutralized to pH 6.3 with Na;PQ,), 150 um of l-mal- 
ate, 4 um of Na ATP, 8 um of MnCl:, and 200 um of NaHCO; containing approxi- 
mately 48,000 counts. One-half of the contents of each vessel was used for oxalace 
tate degradation and one-half for degradation of /-malate. The total counts are 
calculated on the basis of 2 ml. of reaction mixture. 

* The values in parentheses represent the total counts and specific activity of the 
a-COOH of malate as determined by Ce*t*** oxidation. 


sary to study the relative specific activities of the two acids during differ- 
ent stages of CO; fixation. 

Table II gives the results of such an experiment. Approximately equal 
amoynts of oxalacetate and malate were incubated with NaHC*O;, ATP, 
and a dialyzed enzyme preparation which contained oxalacetate carbox- 
vlase, malic dehydrogenase, ‘‘malic enzyme,” and other enzymes. If 
malate is a precursor of oxalacetate, the specific activity of the former 
substance must be at least as high as that of the latter at all times. The 
experiment is complicated somewhat by the action of malic dehydrogenase, 
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which tends to bring the two acids into equilibrium and thus obscure any 
differences. As shown by the results, however, after a relatively short 
incubation period, the specific activity of the oxalacetate is more than 3 
times as high as that of the malate, making it unlikely that the latter is a 
precursor in the reaction. It is to be noted that the ratio of specific ac- 
tivities of the two acids approaches 1 after longer incubation periods. 
Presumably, this effect is due in the main to the action of malic dehydro- 
genase, although part of the CO. may enter malate directly by way of 
the “malic enzyme.”’ 

Although the enzyme preparations had been dialyzed, it is known that 
it is difficult to remove all traces of DPN by dialysis, probably because of 
the close attachment of the DPN to its apoenzymes. In brain homogenates 
it can be shown that even the DPN attached to its apoenzymes, such as 
glyceraldehyde phosphate dehydrogenase, is destroyed in a very short 
time after disruption of cellular structure (23). The DPN is inactivated 
by splitting off nicotinamide (24). Accordingly, an attempt was made 
to remove the DPN remaining in the pigeon liver extract by use of brain 
DPNase, thus slowing or preventing equilibration between oxalacetate 
and malate. In the experiments shown in the lower section of Table II, 
the enzyme was pretreated, but all other conditions were identical with 
the experiment with extract which had undergone dialysis. Since the 
DPNase is present in well washed particles of the brain homogenate, it is 
removed by centrifugation following the treatment. The treatment with 
the brain preparation had little effect on the C™ content of the oxalacetate, 
as is shown by comparison of the values in the two sections of Table JI, 
but the incorporation into malate was much slower. Consequently, the 
resulting ratios of activities of oxalacetate to malate were increased by a 
factor of 3 or more. In similar experiments, the ratio of oxalacetate to 
malate has always been 9 or greater after a short incubation time. These 
results with the DPNase-treated enzyme leave no doubt that malate as 
such is not a precursor of oxalacetate in the oxalacetate carboxylase re- 
action catalyzed by ATP. 

CO, Fixation in Oxalacetate and l-Malate with TPN—The demonstration 
that the addition of ATP to pigeon liver extracts directed the fixation of 
CO, into oxalacetate raised the question of the effect of TPN under 
similar conditions. The results reported in Table III are from experiments 
in which the ATP was replaced with TPN. All other experimental details 
were unchanged from those of Table II. It will be noted that, in the 
experiments with the dialyzed preparations, the results are the converse 
of those with ATP. After a short incubation, the specific activity of the 
oxalacetate is less than a third that of the malate. With longer incubation 
periods, the ratio again approaches 1, presumably because of the action of 
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malic dehydrogenase. Treatment of brain DPNase did not alter the 
ratios, as was the case in Table II. 

The results of this experiment and similar ones not shown here make it 
highly improbable that oxalacetate as such is a precursor of malate in the 
CO, fixation reaction catalyzed by TPN. These experiments with un- 
purified enzyme preparations capable of fixing CO. in both malate and oxal- 
acetate are in confirmation of the results of Veiga Salles et al. (7) with 
purified ‘‘malic enzyme.” 

Fixation of CO. with Simultaneous Addition of TPN and ATP—Since 
the foregoing experiments indicate that the addition of ATP favors the 
incorporation of CQ, in oxalacetate and the addition of TPN favors the 
incorporation in malate, it was of interest to determine the effect of the 


TABLE III 
Effect of TPN on Incorporation of C“O:2 into Oxalacetate and l-Malate 
8-COOH of residual acids 
Ratio, 
Ti f oxalacetate 
Treatment of enzyme in Oxalacetate Malate malate 
Specific 
Total Specific Total Specific activity 
counts activity counts activity 
min 
Dialysis 4 62 86 216 316 0.24 
8 122 250 218 436 0.57 
16 218 597 375 799 0.75 
Pretreatment with 4 33 67 124 236 0.28 
brain DPNase fol- 8 83 173 161 348 0.50 
lowed by dialysis 16 136 323 232 432 0.75 


The reaction components were the same as in Table II, except that ATP was 
omitted and 1 um of TPN was added. 


simultaneous addition of both substances. The results of such an ex- 
periment are shown in Table IV. Various concentrations of ATP and 
TPN were added singly and in combination to a dialyzed preparation which 
had not been pretreated with DPNase. The incubation time was short 
in order to minimize equilibration through malic dehydrogenase. As in 
Table II, the addition of ATP caused a preponderant fixation in oxal- 
acetate. The increase in specific activity in the oxalacetate over the 
control was about 11-fold compared with a 2-fold increase in the specific 
activity of the malate. Replacement of ATP by TPN caused a greater 
increase in the malate, as expected. In the presence of the same amount 
of both substances, the specific activities of both acids were increased, 
with a ratio of about 1.3 in favor of oxalacetate. When the ratio of ATP 
to TPN was increased 4-fold (Experiment 5) over that of Experiment 4, a 
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slight increase in the ratio occurred, but when the ATP:TPN ratio was 
lowered to one-quarter that of Experiment 4 (Experiment 6), the ratio was 
changed markedly in favor of the malate. 

The above results show that the fate of the fixed CO, depends not only 
on the nature of the cofactor added but also upon the relative concentra- 
tions of the two substances when both are present. 

An additional interesting fact should be mentioned. In the experi- 
ments of Table IV in which ATP was present (2, 4—6) the distribution of 
the counts between oxalacetate and malate was dependent upon the 
amount of TPN present. However, the sum of the counts present in the 
two acids is seen to be constant and independent of the distribution. 


TABLE IV 
Effect of Simultaneous Addition of ATP and TPN on Fization of CO, in Oxalacetate 
and Malate 
8-COOH of residual acids : 
Additions sum of 
oxalacetate 
Oxalacetate Malate malate 
T i ifi activity 
pM uM 
1 25 53 40 82 0.65 65 
2 0.6 306 576 88 171 3.37 394 
3 0.25 58 121 161 335 0.36 219 
4 0.6 0.25 236 456 152 346 1.32 388 
5 1.2 0.13 235 454 159 310 1.47 394 
6 0.3 0.5 176 328 209 399 0.82 385 


The experimental conditions were those described in the legend to Table III, 
except that ATP and TPN were added, yielding the concentration indicated above. 
The enzyme preparation was treated only by dialysis and the incubation time was 
4 minutes in every case. 


An attempt has been made to learn whether CO; is fixed in substances 
other than malate and oxalacetate. In a short time fixation experiment in 
which oxalacetate, malate, and ATP were present, the total counts fixed 
were found to be 496 as determined by persulfate oxidation of an aliquot 
of the deproteinated reaction mixture. Ina similar aliquot the B-carboxyls 
of oxalacetate and l-malate were found to contain 461 and 45 counts 
respectively. The results make it unlikely that any C'-containing sub- 
stances other than oxalacetate and malate accumulate during short term 
experiments. 

Identification of Oxalacetate and Malate—In the previous experiments 
determinations of the specific activity of malate and oxalacetate were 
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carried out on aliquots of the reaction mixture. Although known inter- 
fering substances were not present in either case, some uncertainty 
regarding the source of the radioactivity remained, since the substances 
had not been rigidly purified. 

In view of these considerations, a large scale experiment was carried out 
in which the oxalacetate and malate were purified and identified. The 
conditions were such that the bulk of the activity was directed toward 
oxalacetate by use of the following experimental conditions: addition of 


TABLE V 
Purification of Oxalacetate and Malate Obtained by C“O, Fixation in Presence of AT’P 
Oxalacetate Malate 
Experiment No. and description of fraction analyzed molecule Specific Specific 
activity activity 
1. Aliquots from reaction mixture 
Decarboxylation by Al**t B-COOH 369 , 396 
“ Lactobacillus 30.9, 30.3 
Analysis of cuts from oxalacetate chro- 
matograph 
Fraction 416,432 
“ B «< 429, 444 
C 440, 450 
2. Aliquots from reaction mixture 
Decarboxylation by Al**t 601 , 592 
“ Lactobacillus 58.3, 58.8 
Analysis of malate after purification, as 
diphenacyl ester 
Decarboxylation by Lactobacillus 2 60.2, 57.6 
CO from H.SO, degradation a-COOH 2.4 


In Experiments 1 and 2 the following components were present in two 150 ml. 
Warburg vessels, with a combined volume of 48 ml.: 9.6 ml. of enzyme (pretreated 
with brain DPNase and then dialyzed), 2.80 mM of oxalacetate, 2.7 mm of l-malate, 
72 wm of Na, ATP, 48 um of MnCl. 2.4 mu of NaHCO; containing 860,000 counts. 
Incubated for 4 minutes at 38°. 


ATP, omission of TPN, pretreatment of the enzyme with brain DPNase 
and a short incubation period. 

After deproteinization, aliquots were taken for analysis of the oxal- 
acetate and malate in the usual way. The results, reported in terms of 
specific activity, are presented in Experiment 1 of Table V. The ratio of 
specific activities of the oxalacetate to malate was more than 12 in ac- 
cordance with expectations. 

The remainder of the deproteinized solution was extracted with ether 
after mixing with Celite and chromatographed on a silica gel column. To 
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obtain oxalacetate it is necessary to increase the H.SO, concentration 
used in preparation of the column and eluants from 0.5 to 3 N, since the 
oxalacetic acid is far more stable in the stronger acid. 

The column was first treated with 10 per cent butanol in chloroform to 
remove pyruvic acid. Oxalacetate was then eluted with 15 per cent 
butanol in chloroform. The over-all yield from the extraction and chro- 
matographic procedures was about 50 per cent. The eluant containing 
the oxalacetate was combined into three approximately equal fractions 
representing the first, middle, and final portions of the band. After ex- 
traction from the eluant with dilute alkali, duplicate aliquots were de- 
graded by the Al*** method. Analysis of the CO, thus obtained demon- 
strated that the specific activity of the oxalacetate in the various portions 
of the oxalacetate band was relatively constant. The constancy is a good 
indication that the substance eluted is not contaminated by substances 
capable of decarboxylation which possess specific activities higher or lower 
than that of oxalacetate itself. The specific activity of the chromato- 
graphed oxalacetate was slightly higher than that found on the original 
unfractionated reaction mixture. 

From the chromatographic experiments it seems certain that CQ, is 
fixed in oxalacetate or a compound which is converted to oxalacetate 
during the handling procedures. The latter possibility will be considered 
more fully later. 

In a comparable experiment (No. 2, Table V) after analysis of aliquots 
of the original reaction mixture, the malate from the remainder of the 
solution was purified by chromatography on a silica gel column and the 
diphenacyl ester prepared. After three recrystallizations the ester had a 
melting point of 109° (uncorrected), the same as that of a sample prepared 
from authentic /-malate, and the mixed melting point showed no depres- 
sion. The ester was saponified, the alcohol removed, and the malate 
degraded in the usual manner with Lactobacillus. The specific activity of 
the B-carboxyl of the purified malate was the same as that obtained from 
an aliquot of the original reaction mixture. This experiment effectively 
identifies malate and also establishes the validity of the shorter method of 
malate purification. 

The C" content of the a-carboxy!] of the purified malate was obtained by 
degradation of another aliquot by the H.SO, method described previously. 
The C™ content of the a-carboxyl] is negligible under these particular ex- 
perimental conditions, as shown in the last line of Table V. 


Possible Mechanisms of CO, Fixation in Oxalacetate and Malate 


The foregoing experiments present evidence that malate is not a pre- 
cursor of oxalacetate in CO, fixation catalyzed by ATP and likewise that 
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oxalacetate is not a precursor of malate in the TPN-catalyzed fixation. 
These conclusions, based upon comparison of specific activities, involve 
the assumption that an intermediate formed metabolically will mix with 
the carrier pool of that substance. This assumption seems plausible in 
experiments in which no cellular structural elements are involved, but 
the possibility remains that an intermediate is formed which fails to dis- 
sociate from the enzymatic surface. 

On the assumption just discussed, the results may be explained by either 
of the two following hypotheses: (a) CQO, is fixed in oxalacetate and malate 
by two separate pathways requiring ATP and TPN, respectively, with 
the two products interconvertible by malic dehydrogenase, or (b) COz is 
fixed in a precursor common to both acids, which is converted principally 
to oxalacetate in the presence of ATP or to malate in the presence of TPN 
(see Scheme 1). Although the experiments presented do not permit a 
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ScHEME 1 


definite conclusion concerning these alternatives, one observation that may 
have an important bearing may be mentioned. In Table IV, ATP was 
present in Experiments 2, 4, 5, and 6 together with TPN in amounts 
ranging from 0 to 0.5 um per ml. Although the distribution of counts 
between oxalacetate and malate was dependent upon the TPN concentra- 
tion, the sum of the counts fixed in the two acids was remarkably constant. 
The constancy of the total fixed radioactivity is in accord with a mechanism 
embodying a common precursor rather than with a system employing two 
separate fixation reactions. 

Although the experiments of Table V indicate that the major product 
of CO, fixation in the presence of ATP is oxalacetate or a substance easily 
converted to oxalacetate, the possibility that the oxalacetate might be in- 
homogenous has been examined by milder and slower decarboxylative 
procedures. 
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In Table VI, C"-oxalacetate was prepared by incubating the pigeon 
liver enzyme with NaHC"“O;, Mn*+, ATP, and oxalacetate. At the end 
of a short incubation period, the fixation of CO. was stopped by adjust- 
ment of the pH to 5.4 and a sweeping out of the C"O,. After an aliquot 
of the oxalacetate had been removed for analysis, the remaining material 
was allowed to decarboxylate enzymatically, since the liver enzymes are 
active at this pH. At intervals, aliquots were removed and degraded by 
Al**+’. If the oxalacetate is a homogenous substance, the specific activities 
of the various samples should be identical. The results show, however, 
that the specific activity increases as the decarboxylation proceeds. This 
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Inhomogeneity of Oxalacetate As Shown by Specific Activity of Residual Acid after 
Enzymatic Decarbozylation 


Time of en tic | Oxalacetate | B-COOH, residual 
decarboxylation decarboxylated oxalacetate 
min. per cent ee c.p.m. per mg. C 
0 1288 
15 31.4 1543 
30 46.3 1653 
45 61.6 1720 


C'-Oxalacetate was prepared with a pigeon liver extract which had been frozen 
12 hours on dry ice, incubated at 25° for 4 hours, and then dialyzed for 5 hours at 
7°. The following constituents were present in a total volume of 24.0 ml.: 3.0 ml. 
of extract, 1.40 mm of oxalacetate (neutralized to pH 6:3 with Na;PQO,), 29 um of 
ATP, 24 um of MnCl., and 1.2 mm of NaHCO; containing 4 X 105 counts. After 
4 minutes incubation, the pH was adjusted to 5.4 with 1 nN HCl and tank 
CO, bubbled through the solution. After evacuation to remove the COz, the mix- 
ture was placed in a large Warburg vessel and permitted to decarboxylate at 38° 
in the presence of KOH in the center well. At the stated intervals duplicate ali- 
quots were withdrawn, deproteinated, and the 8B-COOH of the oxalacetate obtained 
by Al**+ decarboxylation as described under ‘‘Methods.”’ 


phenomenon may be interpreted as a demonstration that the “‘oxalacetate’”’ 
contains at least two fractions, differing in specific activity and in rate of 
decarboxylation. The fraction with the higher activity apparently de- 
carboxylates more slowly. 

The inhomogeneity of the “oxalacetate” is shown also in Table VII, in 
which C"™-oxalacetate prepared as described above was allowed to de- 
carboxylate spontaneously after deproteinization. The CO, produced 
during the Ist, 2nd, and 3rd hours of the process was collected and analyzed 
for C" content. The specific activity of the CO, increased markedly with 
time, and Al*+* decarboxylation of the oxalacetate remaining after 3 hours 
showed an even higher activity. Calculation of the average specific 
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activity of these four fractions gave a value fairly comparable to a control 
run at the start of the decarboxylation by the usual Al*** method. 

Thus, the following information is available: (a) the fraction called 
‘“‘oxalacetate”’ is not homogenous and contains a higher activity fraction 
which decarboxylates more slowly; (b) after the handling procedures 
preparatory to and incidental to chromatography, oxalacetate attains 
homogeneity, suggesting that all of the fractions are converted to oxal- 
acetate by mild procedures. 

Yankwich and Calvin (25) have reported that decarboxylation rates of 


TaBLe VII 


Inhomogenetty of Oxalacetate As Demonstrated by Changing Specific Activity of CO2z 
Produced by Spontaneous Decarboxylation 


| CO: from oxalacetate 

of Time of 
decarboxylation treatment Weight as Specific 
BaCO, activity 

min. mg. c.p.m. per mg. C 
Spontaneous decarboxyla- | 0-60 | 9.2 2390 
tion 60-120 10.0 3730 
120-180 7.9 4450 
Al**++ Residual after 180 23.3 5490 
Average, calculated | 4350 
Al**++ 0 time | 17.6 4690 


C-Oxalacetate prepared as described in Table VI, except that the volume was 
30.0 ml. instead of 24.0 ml. and all components were increased proportionately. 
After 4 minutes incubation, the mixture was deproteinated by the addition of 1.5 
ml. of 10 Nn H.SO,. After centrifuging, the supernatant was gassed with tank CO, 
and CO;-free air successively. After removal of an aliquot for the Al*** determi- 
nation at zero time, the remainder of the supernatant was placed in a large War- 
burg vessel containing 2.5 N NaOH in the center well and was shaken at 38°. At 
the specified intervals the alkali was rinsed out of the center well and the collected 
CO; plated as BaCO;; fresh NaOH was placed in the center well. 


C4 compounds may be slower than those of the comparable C” compounds. 
They found that the C?’—C" bond of malonic acid and bromomalonic 
acid ruptured 1.12 and 1.4 times as fast, respectively, as their C'—C” 
counterparts. The observed differences in rates of decarboxylation of the 
two components of oxalacetate appear to be considerably higher than 
these values. Also, in other experiments in which the C'-oxalacetate 
was treated in other ways, inhomogeneity has been scarcely detectable. 
The existence of the negative experiments and the higher rates observed 
in the experiments reported in Tables VI and VII make it unlikely that 
the difference in rates of decarboxylation of the C’—C” and C¥-—C"” 
forms of oxalacetate is the sole cause of the apparent inhomogeneity. 
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The origin of the fraction of higher activity is not shown by the above 
experiments and may be either enzymatic or non-enzymatic. The pos- 
sibility exists that the various fractions represent different isomers of 
oxalacetate, keto, cis-enol, and trans-enol. Regardless of origin, however, 
the fraction of high activity must be regarded as potentially important in 
CO, fixation by virtue of its high activity. 

It is considered that this fraction may be the common precursor in 
Scheme 1 or at least a precursor of oxalacetate, but additional study will 
be necessary to verify this possibility. The nature and origin. of the 
fraction are under investigation. 


The author is indebted to Mrs. Ellen Wolfe for her invaluable technical 
assistance and to Dr. H. G. Wood for his constant and stimulating interest 
in this work. 


SUMMARY 


The relationship between oxalacetate and l-malate in CO, fixation as 
catalyzed by ATP (oxalacetate carboxylase) and TPN (‘‘malic enzyme’’) 
has been studied by comparison of the specific activities of the two acids 
incubated together in the presence of C“O. under various conditions. 

With ATP, oxalacetate has a much higher specific activity than malate 
at early stages of the reaction. Assuming that an intermediate formed 
metabolically mixes with the general pool of the substance, these ex- 
periments demonstrate that malate is not a precursor of oxalacetate. 
With longer incubation the specific activities of the two acids approach 
equality, presumably through the mediation of malic dehydrogenase. Pre- 
treatment with a brain preparation capable of destroying DPN markedly 
decreases the CO, content of the malate but not of the oxalacetate. 

When TPN is substituted for ATP, CO, is fixed principally in malate 
during the early stages of the reaction, indicating that oxalacetate is not a 
precursor of malate under these circumstances. 

When both ATP and TPN are added, the distribution of radioactivity 
between oxalacetate and malate is dependent on the relative concentra- 
tions of the two cofactors. The total number of counts fixed seems to be 
relatively constant, suggesting initial fixation in a common precursor. 

Balance studies showed that no product other than oxalacetate and 
malate contained a significant amount of C™ after short time CO, fixation 
experiments. 

By purification the fixation products have been identified as (a) oxal- 
acetate or a substance easily converted to oxalacetate non-enzymatically, 
and (b) malate. Oxalacetate as analyzed by decarboxylation has been 
shown to be inhomogenous with a high activity fraction present. 
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GLUCOSE UTILIZATION IN THE DIABETIC DOG, 
STUDIED WITH C'-GLUCOSE* 


By D. D. FELLER,t I. L. CHAIKOFF, E. H. STRISOWER, anv 
G. L. SEARLE 
(From the Division of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, August 14, 1950) 


In an earlier study, we compared in the normal and alloxan-diabetic 
rat the size of the body glucose pool, the turnover time and turnover rate 
of this glucose pool, and the rate of oxidation of body glucose to COs: (1). 
These measures of glucose utilization were obtained by introducing C'- 
labeled glucose directly into the circulation. The fall in the specific ac- 
tivity (s.a.) of blood glucose with tfme provided the data from which the 
turnover measurements were calculated, while estimates of the rate of 
glucose oxidation were obtained from s.a.-time curves of blood glucose 
and expired COs. 

The body pool of glucose in the normal rat was estimated to be about 
130 mg. per 100 gm. of body weight. That amount of glucose is completely 
renewed about every 70 minutes. Thus the normal rat turns over glucose 
at a rate of about 100 mg. per hour per 100 gm. of body weight. The 
major part of the glucose turned over, about 70 per cent, is oxidized to COs. 

As expected, the size of the body glucose pool in the alloxan-diabetic rat 
was larger, amounting to 260 mg. per 100 gm. of body weight. Inter- 
estingly enough, this enlarged glucose pool was also renewed about every 
70 minutes. Thus glucose is turned over in the alloxan-diabetic rat at 
about twice the normal rate. The rate of oxidation of glucose to CO» by 
the diabetic rat was about 60 mg. per hour per 100 gm. of body weight. 
Although the rate of oxidation in the diabetic was somewhat less than nor- 
mal, the difference was not considered of sufficient magnitude to justify 
the conclusion that impaired glucose oxidation to CO. is a major metabolic 
defect in the intact alloxan-diabetic rat. 

It should not be inferred that the alloxan-diabetic rat is deprived of all 
insulin-secreting tissue. Since, however, the alloxan-diabetic rats studied 
excreted from 4 to 8 gm. of glucose daily and had blood sugars of 200 to 
450 mg. per cent in the fasted state and of 400 to 800 mg. per cent in the 


* Aided by grants from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council, and the Corn Industries 
Research Foundation. 

t Research Fellow of the United States Public Health Service. 


865 


4 


866 GLUCOSE UTILIZATION IN DIABETES 


fed state, it would appear that diabetes of a fairly severe degree can exist 
in the rat with only slight, if any, interference in its over-all capacity to 
degrade glucose to COs. 

We have extended our studies on glucose utilization to the dog. The 
advantage in using this animal is that its pancreas can be readily excised 
surgically to provide an animal completely devoid of insulin-producing 
tissue. Moreover, diabetes so induced is severe enough to result in 
death in the dog. 


EXPERIMENTAL 


Treatment of Dogs—Healthy, female dogs were selected for study. Each 
dog was used in a series of experiments, and all procedures except pan- 
createctomy were carried out without anesthesia. To accustom it to the 
experiments, each dog underwent a training period lasting about 3 weeks. 
During that time the dogs learned to lie quietly on a table for 6 to 9 hours 
and to breathe normally through a plastic mask described below. Care 
was also taken to accustom the dogs to removal of blood by puncture of 
the femoral artery. The dogs remained calm and showed no excitement 
when this was done. 

Each normal dog was fed once daily a diet containing 250 gm. of lean 
meat, 10 gm. of sucrose, 5 gm. of bone ash, and 1.5 gm. of a salt mixture 
(2). To this diet were added 3 cc. of a fish oil containing vitamins A and 
D, and a single pill containing 0.2 mg. of thiamine hydrochloride, 0.2 mg. 
of riboflavin, 0.2 mg. of pyridoxine, 6 mg. of calcium pantothenate, 4 mg. 
of niacinamide, 50 mg. of inositol, 0.2 mg. of folic acid, and 0.01 mg. of 
biotin. 

The dogs were subjected to complete pancreatectomy and were not 
used in experiments until the wounds had completely healed. The com- 
plete absence of pancreatic tissue was confirmed at necropsy. Each de- 
pancreatized dog was fed twice daily, at 8.00 a.m. and at 4.00 p.m., a meal 
containing 250 gm. of lean meat, 50 gm. of raw pancreas, 50 gm. of sucrose, 
and 5 gm. of bone ash. The vitamin supplements described above were 
added to the morning meal. Unless otherwise stated, each dog was in- 
jected subcutaneously, at each feeding, with 8 units of unmodified insulin. 

The dogs were not fed on the day of the experiment, but received their 
last meal at 4.00 p.m. the previous day. Thus all measurements of glu- 
cose utilization recorded here were carried out in the postabsorptive state. 

Collection of Exmred Air—A plastic mask fitted with flutter valves, a 
modification of that described by Chambers et al. (3), was placed over the 


dog’s snout. A rubber sleeve made from the cuff of a rubber glove held | 


the mask in place on the dog’s head and prevented leakage of expired air. 
The expired air was collected in large rubber balloons (250 liter capacity). 
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The balloon, when filled with air, offered no resistance to the respiratory 
movements of the dog. 

Analytical Procedures—The experiments lasted from 6 to 7 hours; every 
hour, blood samples were drawn from the femoral arteries into heparinized 
syringes. Plasma was separated from whole blood by centrifugation and 
the plasma proteins were precipitated according to Somogyi’s procedure 
(4). A phenylosazone of the glucose in the protein-free supernatant was 
then prepared and purified as described elsewhere (1). 

Expired air was collected at half-hour intervals as described above. 
After each collection period, the gas in the balloon was passed, by suction, 
through an absorption column containing a sodium hydroxide solution. 
The latter was prepared by mixing 1.5 liters of CO,-free distilled water with 
25 ec. of CO.-free saturated NaOH. The methods for determining total 
CO, and CO, contents of this solution have been described elsewhere (1). 

The depancreatized dogs were catheterized at intervals during the course 
of the experiment. The glucose content of the various urine samples was 
measured as described elsewhere (1). A phenylosazone of urinary glucose 
was prepared and analyzed for its C' content exactly as previously de- 
scribed (1). 

Radioactive Glucose—The radioactive glucose was prepared from canna 
leaves according to the method of Putman et al. (5). The carbons of this 
glucose have been shown to be uniformly labeled.' We are indebted to 
Dr. W. Z. Hassid and S. Abraham for its preparation. 


Results 
Glucose Utilization by Dog D 

Three experiments were performed on this dog, two before and one after 
pancreatectomy. On each occasion this dog was injected intravenously 
with 30 to 90 mg. of C-labeled glucose. The total amount of radioac- 
tivity injected varied from 5 to 15 XK 10® c.p.m. of C™. Periods of 4 and 
13 weeks were allowed to elapse between experiments. Before the start 
of Experiments 2 and 3, it was shown that no C™ was detectable in the 
expired air. 

Normal State; Experiment 1—Expired air was collected at half hour in- 
tervals after the injection of the labeled glucose. The experiment lasted 
6.5 hours. An average value for the amount of CO, expired per hour 
(expressed as gm. of BaCQs) is recorded in Table I. 

The s.a. of the expired CO, was determined for each interval (s.a. refers 
to the percentage of the injected C™ in expired CO, per mg. of BaCQs). 
A semilogarithmic plot of the specific activities is shown in Fig. 1. Each 
value was plotted at the mid-point of the collection period. 


1 Personal communication from Dr. W. Z. Hassid. 
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Blood was removed four times during the experimental period. Pheny]l- 
glucosazones were prepared from each plasma sample. The values of the 
s.a. of plasma glucose have been plotted semilogarithmically in Fig. 1 (s.a. 
in this case refers to per cent of the injected glucose-C™ recovered per 
mg. of plasma glucose). 

Table II records values for (1) the amount of glucose in the body pool, 


TABLE I 
Experimental Data for Dogs D, A, and C 
All experiments were carried out in the postabsorptive state. 


| j 
Plasma glucose | Total 
| Interval | concentration BaCOs Gluce 
Dog | State Weight between _____________ from excreted 
experi- | expired | 
4 Before During in urine 
ments  experi- riment 
| ment*® range) 
mg. per mg. per gm. per 
kg wks cent cent hr. 


110 | 110-115 | 22.4t 
4 | 107-113 | 22.6f 


D | Normal, Experiment 1 8 0 
“cc 9 0 
4 14 ~=©§10 | 480-510 | 24.0f 1.6f 
5 | 0 
0 0 


2 

Diabetic, Experiment 3 | 
A | Normal, Experiment 1 | 
Depancreatized, controlled | 


100 | 100-110 | 24.6§ 
16 | 100 60-100 | 29.9§ 
with insulin, Experi- 


ment 2 | | | 
Diabetic, Experiment 3 «66.6 6 475 | 450-475 | 30.8§ | 1.8f 
C | Depancreatized, controlled 7.4 150 150-200 23§ 0.3t 


_ with insulin, Experi- 
| ment 1 | 
| iabetic, Experiment 2 ire 5 | 490 | 490-540 | 30.8§ | 1.6f 


* Blood was taken about 30 minutes before the injection of the labeled glucose. 

t Expired CO: was collected for each half hour during the 6.0 to 6.5 hours of the 
experiment. This value is the average of the twelve to thirteen separate determina- 
tions. 

t Six hourly samples of urine were collected by catheterization. This value is 
the average of the six separate determinations. 

§ Expired CO:z was collected for each half hour during the 6 hours of the experi- 
ment. This value is the average of the twelve separate determinations. 


(2) the turnover time, and (3) the turnover rate of body glucose. These 
were calculated exactly as described in our earlier study (1). 

The body glucose pool in Dog D amounted to 3 gm. and that amount of 
glucose was turned over about every 1.5 hours. The turnover rate of body 
glucose was, therefore, about 2 gm. per hour. 

The s.a.-time curve of expired CQO, rose to a maximum somewhere in the 
neighborhood of 1.5 hours and then fell exponentially for the next 5 hours. 
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HOURS AFTER INJECTION 
Fig. 1. Dog D, normal, Experiment 1. The s.a.-time curves for plasma glucose 
and expired CO,. The dog was injected with 32 mg. of C'*-labeled glucose contain- 
ing 5 X 10% e¢.p.m. of C'. This dog, as well as all others (Figs. 2 to 8), was in the 
postabsorptive state at the time of the injection and was not fed during the course 
of the experiment. 


TABLE II 
Breakdown of Glucose Utilization in Postabsorptive State for Normal Dogs, Insulin- 
Controlled Depancreatized Dogs, and Diabetic Dogs (Deprived of Insulin for 
72 Hours) 
| | | | CO: Glucose over 
Body | Turn- | Turn- derived | 
Dog. State glucose over over from | 
| pool time rate oxidation | Oxida~ Excre- Unde- 
of glucose tion to| tion in| ter- 
| CO2 | urine mined 
| gm. hrs. em. om. ? per cent \percent per cent per cent 
D | Normal 2.9; 1.5.) 2.0/1.7 51 89 0 11 
3.0; 1.2] 2.4) 2.3 70 96 0 4 
“ | Diabetic 13.5) 4.1 3.3 | 0.70 19 21 | 49 30 
A | Normal 4.3) 1.7| 2.5) 2.0 53 78 0 22 
“| Depancreatized, 6.2) 1.4) 4.3} 2.0 45 46 0.4 | 54 
controlled with in- 
sulin 
“| Diabetic 21.3; 5.0) 4.2) 0.80 11 19 | 43 38 
C | Depancreatized, 5.3} 1.9) 2.8) 1.5 43 54 0.3 | 46 
controlled with in- 
sulin 
“ | Diabetic 12.2; 4.0) 3.0! 0.55 11 18 | 53 29 
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For reasons pointed out elsewhere (1), the interval from 1.5 to 6.5 hours 
was used to calculate the amount of body glucose oxidized to COs. 

The rate of oxidation of body glucose to CO. was calculated from the 
s.a.-time curves of plasma glucose and expired CO2. Values were read from 
the curves (Fig. 1) at the mid-point of several different intervals and sub- 
stituted in the following formula. 


S.a. of expired CO, X rate of CO, formation 
S.a. of plasma glucose 


The values so obtained for the 1.5 to 2.5, 2.5 to 3.5, and 3.5 to 4.5 hour 
intervals were, respectively, 1.2, 1.7, and 2.3 gm. of glucose oxidized to CO, 
per hour, or an average of 1.7 gm. (Table II). 

The assumptions underlying this calculation have been discussed at 
length in our previous study (1). 

The per cent of the expired CO, carbon derived from body glucose car- 
bon at any instant was calculated from the expression 


S.a. of CO:2 carbon at that instant 
S.a. of body glucose carbon at that same instant 


xX 100 


given earlier (1). Separate calculations were made at 2.0, 3.0, and 4.0 
hours. The average of the three values was 51 per cent. 

Normal State; Experiment 2—4 weeks were allowed to elapse between 
Experiments 1 and 2 on normal Dog D. The data for Experiment 2 are 
recorded in Table I and Fig. 2. The utilization values obtained in the sec- 
ond experiment are recorded in Table II. It will be noted that the values 
obtained for the size of the body glucose pool in Experiments 1 and 2 are 
in good agreement (3.0 and 2.9 gm.) and that the two values for the turn- 
over time of the body glucose pool differed by only 18 minutes (Table II). 
The average rate of glucose oxidation calculated for the intervals 1 to 2, 
2 to 3, and 3 to 4 hours was 2.3 gm. per hour, as compared with 1.7 gm. per 
hour in Experiment 1. 

Diabetic State; Experiment 3—Following pancreatectomy, Dog D was 
fed the lean meat-sucrose diet to which raw pancreas had been added to 
prevent the deposition of abnormal amounts of fat (6). The animal was 
also injected twice daily with 8 units of insulin. An interval of 14 weeks 
was allowed to elapse between Experiments 2 and 3. At the time the C'- 
labeled glucose was injected, Dog D had been deprived of insulin for 3 
days. During those 3 days, the regular dietary treatment was maintained. 
It should again be noted that at the time the radioactive glucose was in- 
jected the dog was in the postabsorptive state, having received its last meal 
16 hours earlier. 

The level of the plasma glucose just before the injection of the C**- 
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glucose was 500 mg. per cent. During the subsequent 6 hours, the plasma 
glucose level ranged from 480 to 510 mg. per cent. The bladder was emp- 
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Fic. 2. Dog D, normal, Experiment 2. The s.a.-time curves for plasma glucose 
and expired CO2. The dog was injected with 80 mg. of C-labeled glucose contain- 
ing 12 X 10% c.p.m. of C™. 
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HOURS AFTER INJECTION 


Fic. 3. Dog D, diabetic, Experiment 3. The s.a.-time curves for plasma glucose 
and expired CO2. The dog was injected with 90 mg. of C-labeled glucose contain- 
ing 15 X 10% c.p.m. of C™. 


tied of urine by catheterization at the start of the experiment, and urine 
was collected at intervals during the experiment. The dog excreted about 
1.6 gm. of glucose per hour. 
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The data for Experiment 3 are given in Table I and in Fig. 3. The 
various ways in which glucose is utilized are shown in Table IT. 

The body glucose pool was greatly increased in Dog D after it was made 
diabetic, and amounted to about 13.5 gm., a more than 4-fold increase 
over that found when the animal was normal. 

The rate of glucose oxidation was greatly reduced in the diabetic state. 
The average value found (calculations were made for the intervals 2 to 3, 
3 to 4, and 4 to 5 hours) was 0.7 gm. perhour. This is a depression of about 
65 per cent from the normal value of 1.7 to 2.3 gm. per hour found for Dog 
D. 

It should be noted that Dog D lost considerable weight after it was 
depancreatized (Table I). The possibility that the reduced rate of glucose 
oxidation observed in this dog after pancreatectomy resulted in part, at 
least, from a decreased amount of some tissue like muscle is, of course, 
not ruled out. However, even when expressed on a body weight basis, the 
value for glucose oxidation was much lower in the diabetic than in the 
normal dog. 


Glucose Utilization by Dog A 


Glucose utilization was measured on three occasions in Dog A (Table 
1). The first measurement was made before pancreatectomy. Two were 
made after pancreatectomy: one when diabetes was controlled with 
insulin, and another several weeks later, when the animal had been deprived 
of insulin for 72 hours. On those occasions, Dog A received, intravenously, 
40 to 100 mg. of C'4-labeled glucose with activities of 8 to 19 X 10° ¢.p.m. 
The dog weighed on those three occasions 6.5, 7.0, and 6.6 kilos, respec- 
tively. 

Normal State; Experiment 1—The data and results of Experiment 1 are 
shown in Fig. 4, Table I, and Table II. The s.a. of plasma glucose and 
expired CO, has been plotted logarithmically against time in Fig. 4. The 
average amount of CQO, expired per hour, expressed in mg. of BaCQs, is 
recorded in Table I. Values for glucose utilization are given in Table II. 

The size of the glucose pool was calculated to be '4.3 gm., turnover time 
1.7 hours, and turnover rate 2.5 gm. of glucose per hour (Table IT). 

Glucose oxidation was calculated for the following intervals: 1.5 to 2.5, 
2.5 to 3.5, and 3.5 to 4.5 hoursfrom the curve shown in Fig. 4. The average 
of the three calculations was 2.0 gm. per hour. 

The amount of expired CO, carbon derived from the oxidation of body 
glucose carbon was calculated to be 53 per cent. This value is again an 
average of three separate determinations made at 2, 3, and 4 hours after 
the injection of the C'-glucose. 

Glucose Utilization in Insulin-Treated, Depancreatized State; Experiment 
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2—The dietary and insulin? treatments Dog A received following pan- 
createctomy have been described in the section dealing with the care of the 
animals. Experiment 2 was carried out 16 weeks after pancreatectomy. 
During the course of the experiment, plasma glucose was kept at between 
60 and 100 mg. per cent by an hourly, subcutaneous injection of 1 unit of 
unmodified insulin. This dosage was established in preliminary runs in 
Dog A. As in all previous runs, this dog received no food on the day of 
the experiment. Thus, it was in the postabsorptive state, having received 
its last meal at 4.00 p.m. the previous day. 

The data on this experiment are recorded in Fig. 5 and in Tables I and II. 

The following values were found for Dog A while its diabetes was con- 
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HOURS AFTER INJECTION 
Fig. 4. Dog A, normal, Experiment 1. The s.a.-time curves for plasma glucose 
and expired CO:. The dog was injected with 40 mg. of C-labeled glucose contain- 
ing 8 X 10% c.p.m. of C*. 


trolled with insulin: the size of the body glucose pool was 6.2 gm., the turn- 
over time of the body glucose pool was 1.4 hours, and the turnover rate of 
glucose was 4.3 gm. per hour. 

When its diabetes was controlled with insulin, Dog A oxidized glucose 
at a rate of 2 gm. per hour. This is the average of the three values calcu- 
lated for each of the intervals, 1 to 2, 2 to 3, and 3 to 4 hours. It is of 
interest that this value is the same as that found before pancreatectomy. 

About 45 per cent of the expired CO, carbon was derived from oxidation 
of glucose carbon (Table II). This value is the average of three separate 
determinations. 


2 We are indebted to Eli Lilly and Company for the insulin used in this study. 
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Glucose Utilization in Diabetic State; Experiment 3—At the time this 
measurement was carried out, Dog A had been deprived of insulin for 3 
days. The feeding of the regular diet was continued for this 3 day period; 
the dog was in the postabsorptive state, however, at the time of the injec- 
tion of the radioactive glucose. 

The concentration of plasma glucose at the start of Experiment 3 was 
475 mg. per cent, and the values for plasma glucose fluctuated between 
450 and 475 mg. per cent during the 6 hours of observation. Urine was col- 
lected by catheterization at various intervals. 
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Fic. 5. Dog A, depancreatized and insulin-controlled, Experiment 2. The s.a.- 
time curves for plasma glucose and expired CO2. The dog was injected with 80 mg. 
of C-labeled glucose containing 16 X 10* c.p.m. of 


The data for Experiment 3 are recorded in Table I and Table II, and 
Fig. 6. 

The glucose pool in the diabetic state amounted to 21.3 gm. and an 
amount of glucose equal to that contained in this pool was turned over 
every 5 hours. Thus diabetic Dog A was turning over glucose at a rate of 
4.2 gm. per hour. It excreted, in the urine, about 1.8 gm. of glucose per 
hour. 

The average value (three separate calculations were made for 2.5 to 3.5, 
3.5 to 4.5, and 4.5 to 5.5 hours) for the amount of glucose oxidized to CO, 
per hour was 0.8 gm., 60 per cent lower than that found when the dog was 
normal. It should be noted that this depression in the rate of glucose 
oxidation was not accompanied by a loss in body weight. 
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Only Il per cent of the expired CO, carbon was derived from glucose. 
It should be recalled here that, when Dog A was normal and when its dia- 
betes was controlled with insulin, the amount of CO, carbon derived from 
glucose was about 50 per cent. 


Glucose Utilization by Dog C 


Glucose utilization was measured twice in Dog C, both times after pan- 
createctomy. Its diabetes was controlled by insulin injections on the first 
occasion, but it was diabetic at the time the second measurement was 
made. An interval of 5 weeks was allowed to elapse between the two 
measurements. The weights of the dog on the two occasions were 7.4 
and 7.2 kilos, respectively. 

Glucose Utilization in Insulin-Controlled, Depancreatized State; Experi- 
ment 1—This experiment was carried out 4 months after surgical remova] 
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Fic. 6. Dog A, diabetic, Experiment 3. The s.a.-time curves for plasma glucose 
and expired COs. The dog was injected with 100 mg. of C-labeled glucose con- 
taining 19 10% ¢.p.m. of C™. 


of the pancreas. During the period following pancreatectomy, Dog C was 
fed the diet and injected with insulin as described in a preceding section. 
The following procedure was adopted to control diabetes. At 8.00 p.m. 
of the evening before the experiment, Dog C was injected with 10 units of 
protamine zine insulin (Lilly). At midnight the dog was fed its regular 
meal. 70 mg. of radioactive glucose containing 11 X 10° c.p.m. were in- 
jected intravenously at 10.00 a.m. on the following day; at this time the 
dog was in the postabsorptive state. During the next 6 hours, the concen- 
tration of plasma glucose ranged from 150 to 200 mg. per cent. The ex- 
perimental findings are recorded in Fig. 7 and Tables I and II. 

The body glucose pool was calculated to be 5.3 gm. The following 
values were obtained for glucose utilization: turnover time 1.9 hours, 
turnover rate 2.8 gm. of glucose per hour. 

Dog C oxidized glucose to CO, at a rate of 1.5 gm. per hour. This value 
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is the average of the three values calculated for each cf the intervals, 2 to 
3, 3 to 4, and 4 to 5 hours. 

About 43 per cent of the expired CO, carbon was derived from oxidation 
of glucose (Table II). This figure is the average of three separate deter- 
minations. 

Glucose Utilization in Diabetic State; Experiment 2—At the time this 
measurement was carried out, Dog C had been deprived of insulin for 72 
hours, during which it had been fed the diet recorded above. The level of 
plasma sugar at the start of Experiment 2 was 490 mg. per cent, and the 
plasma glucose values fluctuated between 490 and 540 mg. per cent during 
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Fic. 7. Dog C, depancreatized and insulin-controlled, Experiment 1. The s.a.- 
time curves for plasma glucose and expired COz. The dog was injected with 70 mg. 
of C**-labeled glucose containing 11 c.p.m. of C™. 


the 6 hours following the injection of 90 mg. of radioactive glucose contain- 
ing 36 X 10° ¢.p.m. Urine was collected by catheterization at various 
intervals. 

The data on Experiment 2 are recorded in Fig. 8 and Tables I and II. 

The glucose pool in the diabetic state amounted to 12.2 gm., and that 
amount of glucose was turned over every 4 hours. Thus diabetic Dog C 
was turning over glucose at a rate of 3.0 gm. per hour. This dog excreted, 
in the urine, about 1.6 gm. of glucose per hour. 

The amount of glucose oxidized to CO, per hour was calculated for the 
intervals 2 to 3,3 to4,and4to5hours. The average value was 0.55 gm., 
63 per cent lower than the value found when the diabetes was controlled 
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with insulin. It should be noted that the depression in the rate of glucose 
oxidation in Dog C occurred without a loss in body weight. 
Only 11 per cent of the expired CO, carbon was derived from glucose. 
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HOURS AFTER INJECTION 
Fia. 8. Dog C, diabetic, Experiment 2. The s.a.-time curves for plasma glucose 


and expired CO. The dog was injected with 90 mg. of C'*-labeled glucose contzin- 
ing 36 X 10% ¢.p.m. of C™. 


DISCUSSION 


In order to construct the s.a.-time curves for plasma glucose and expired 
CO, in our earlier study it was necessary to use data from a large number 
of rats (1). The data for the normal curves were obtained from twenty 
rats, and for the diabetic curves from twelve rats. In the present study, 
however, all data needed for the construction of both curves were obtained 
from a single animal in each experiment. It was therefore possible to com- 
pare glucose utilization on several occasions in the same dog, and also to 
use each dog as its own control in studying the effect of diabetes on glucose 
utilization. The deviation of the points from the s.a.-time curve of plasma 
glucose (a straight line when plotted semilogarithmically) obtained for a 
single dog, as measured by the standard error of estimate (7), was about 50 
per cent less than that of the composite curve constructed from data ob- 
tained from a large number of rats. Less seattering is, of course, to be ex- 
pected when all the data are derived from a single animal. 

Since carbohydrate metabolism may be disturbed by anesthetics and by 
even mild forms of trauma, care was taken to make all measurements in 
the trained, unanesthetized dog. In the experiments carried out here, 
each dog received less than 0.1 gm. of glucose intravenously, a negligible 
amount when compared with the body glucose pool. We therefore have 
reason to believe that the values for glucose utilization presented here are 
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valid for the steady state of the dog. Further evidence, indicating that the 
dogs were in the steady state, is provided by the exponential nature of s.a.- 
time curves of plasma glucose shown in Figs. 1 to 8. 

Normal Dog in Postabsorplive State—The body glucose pool in normal 
dogs weighing 6 to 7 kilos amounts to3 to4 gm. The significance of these 
values (which are obtained by extrapolation of the s.a.-time curves of 
plasma glucose to zero time) has been dealt with elsewhere (1). It was 
pointed out there that these amounts represent more than circulating glu- 
cose; indeed, they represent body glucose in equilibrium with circulating 
glucose, 7.c. extravascular as well as vascular. An analysis of the utiliza- 
tion of this body glucose is shown in Table II. In the steady state, the 
normal dog turns over an amount of glucose equal to that in the body pool 
in 1.2 to 1.7 hours. Thus, these normal dogs were turning over body glu- 
cose at a rate of about 2 to 2.5 gm. per hour. Our results also show that, 
under the conditions of this study, about 80 to 95 per cent of the body 
glucose turned over by the normal dog is oxidized to COs. 

Insulin-Treated, Depancreatized Dog in Postabsorptive State—In this state, 
the size of the glucose pool for Dogs A and C was somewhat greater than 
that observed before pancreatectomy. During the experiment, the levels 
of plasma glucose in Dog A were maintained at between 60 and 100 mg. 
per cent by hourly insulin injection. Interestingly enough, the rate of 
glucose oxidation under those conditions was the same as that observed 
before pancreatectomy, namely, about 2 gm. per hour. Dog C oxidized 
glucose at a somewhat slower rate (1.5 gm. per hour), but, as judged by 
the level of plasma glucose during the experiment (150 to 200 mg. per cent), 
its diabetes was not so well controlled as was that of Dog A. 

Diabetic Dog in Postabsorptive State—The body pool of glucose is greatly 
increased in depancreatized dogs deprived of insulin for 72 hours. In the 
three dogs studied, it amounted to 12, 14, and 21 gm., respectively. These 
vahies represent a 5-fold increase in the size of the body glucose pool. 
Such an increase is, of course, consistent with the hyperglycemia found in 
diabetes. As pointed out previously (1), if it is assumed that the concen- 
tration of glucose throughout body water is the same as that in plasma, 
the glucose space would amount to about 65 per cent of the animal’s weight. 
This assumption, of course, holds for both normal and diabetic animals. 

The most significant findings presented here are those on the rates of 
glucose oxidation. They represent the first direct measurement of glucose 
oxidation in the intact dog obtained by studying the conversion of C'- 
glucose to CO.. Our results provide an unequivocal answer to a long de- 
bated question; namely, the effect of complete removal of islet tissue upon 
the rate of glucose oxidation in the intact dog. They clearly show that, in 
dogs totally devoid of insulin-secreting tissue, the rate of glucose oxidation 
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is far below normal. The removal of insulin for 72 hours reduced the rate 
by about 60 per cent, and this reduction in two of the three dogs was un- 
accompanied by a change in body weight. 


SUMMARY 

1. Body glucose in dogs was labeled by introducing directly into their 
circulation small amounts of radioactive glucose, the carbons of which were 
equally labeled with C“. Specific activity-time curves for plasma glucose 
and expired CO, were constructed for each dog. From these curves, the 
following were estimated: (1) the size of the body glucose pool, (2) the turn- 
over time and turnover rate of this body pool, and (3) the rate of oxidation 
of body glucose to CO.. The measurements were carried out in dogs that, 
through previous training, were accustomed to the experimental proce- 
dures. The dogs were in the postabsorptive state at the time the measure- 
ments were made. 

2. Values for the size of the body glucose pool and the above measures of 
glucose utilization were obtained for (1) normal dogs, (2) totally depan- 
creatized dogs whose diabetes was controlled with insulin injections, and 
(3) diabetic dogs made so by total pancreatectomy. Glucose utilization 
was measured in each dog in either two or all three of those states, and thus 
each dog served as its own control. 

3. The normal 6 to 7 kilo dog has a body glucose pool amounting to 3 to 
4 gm. An amount of glucose equal to that contained in the body pool is 
completely turned over about every 1.2 to 1.7 hours. Thus glucose is 
turned over in the normal dog at a rate of about 2.3 gm. per hour. From 
80 to 95 per cent of that turned over is oxidized to CO2. 50 to 70 per cent 
of the CO, carbon in expired air is derived from glucose. 

4. The body pool of glucose in the insulin-controlled, depancreatized dog 
amounts to 5 to 6 gm. Such an amount of glucose is renewed every 1.5 
to2.0 hours. The turnover rate of glucose in the insulin-controlled, depan- 
creatized dogs was therefore 3 to 4 gm. per hour. Of this, about 50 per 
cent was oxidized to COz. About 45 per cent of CO: carbon is derived from 
oxidation of body glucose. 

5. The body pool of glucose is greatly increased in diabetes (animal de- 
prived of insulin for 72 hours) and amounts to 12 to 21 gm. for the 6 to 7 
kilo dog. An amount equal to this is completely renewed every 4 to 5 
hours, and, consequently, the diabetic dog turns over body glucose at a 
rate of 3 to 4 gm. per hour. About 20 percent of the glucose turned 
over is oxidized to COs, and only about 10 to 20 per cent of CO, carbon is 
derived from oxidation of body glucose. 

6. A pronounced reduction in the rate of glucose oxidation to CO2 occurs 
in dogs when diabetes is established by total pancreatectomy. Normal 
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dogs weighing 6 to 7 kilos oxidized 1.7 to 2.3 gm. of glucose per hour, 
When diabetic (deprived of insulin for 72 hours), they oxidized glucose at a 
rate of 0.5 to 0.8 gm. per hour. When their diabetes was controlled with 
insulin, the rates were 1.5 to 2.0 gm. per hour. The reduction in rate of 
glucose oxidation observed in diabetes is not accounted for by a loss of 
body weight. 
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Hyaluronic acid: Jeanloz and Forchielli, 
361 

Hyaluronidase: Testis, heavy metals, 
effect, Meyer and Rapport, 485 
Hyperglycemic-glycogenolytic factor: 
Liver phosphorylase, effect, Suther- 
land and Cori, 531 
Hypophysectomy: Insulin combination 
with muscle, Stadie, Haugaard, and 
Marsh, 167 
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Inosinetriphosphate: Actomyosin and 
myosin, reactions, Spicer and Bowen, 

741 

Insulin: Extrahepatic tissues, action, 
Wick, Drury, Bancroft, and MacKay 
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Muscle, combination, hypophysec- 
tomy, Stadie, Haugaard, and Marsh, 
167 


Intestine: Calcium absorption, radio- 
ealcium in study, Harrison and 
Harrison, 83 

Invertase: Oxidation, copper and gold 
effect, Sizer and Fennessey, 351 

Tyrosinase effect, Sizer and Fennessey, 
351 

Ion: Exchange resin, diphosphopyridine 
nucleotide preparation, use, Neil- 
ands and Akeson, 307 

Iron: Metabolism, cobalt polycythemia, 
Berlin, Huff, and Hennessy, 445 

Isoleucine: Steroisomers, preparation, 
Greenstein, Levintow, Baker, and 


White, 647 
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Lactobacillus casei: 6,7-Diethyl-9-(p- 
1’-ribity])-isoalloxazine effect, Lam- 
booy, 459 

Purine interconversion, Balis, Brown, 
Elion, Hitchings, and VanderWerff, 
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Lactobacillus leichmannii: (irowth fac- 
tor, Peeler and Norris, 75 
Lecithin: Purification, Pangborn, 471 
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Leucine: Iso-. See Isoleucine 

Peptides, bacterial growth, effect, 
Simmonds, Harris, and Fruton, 

251 
Lipide(s): Blood plasma, Taylor and 
McKibbin, 677 

Phospho-. See Phospholipide 
Tissue, nitrogenous constituents, 7ay- 
lor and McKibbin, 677 
Liver: Carbohydrate utilization, diabe- 
tes, Chernick and Chaikoff, 389 
Cells, proteins, Gjessing, Floyd, and 


Chanutin, 155 
Epinephrine effect, Sutherland and 
Cort, 531 


Glycogen, Bloom, Lewis, Schumpert, 


and Shen, 631 
—, nature, Schlamowitz, 145 
Phosphorylase, hyperglycemic-glyco- 


genolytic factor, effect, Sutherland 
and Cort, 531 


M 


Malic acid: Determination, tissue ex- 
tracts, Marshall, Friedberg, and Da- 
Costa, 97 

l-, carbon dioxide fixation, oxalacetic 
acid and, interrelation, Utter, 
847 

Methionine: Carbon", Escherichia colt 
fatty acids, incorporation, Wang, 
Cheldelin, King, and Christensen, 

759 
2-Chloro-4-aminobenzoic acid, /scher- 
ichia coli, effect, Wang, King, Chel- 


delin, and Christensen, 753 
Determination, microspectrophoto- 
metric, Bakay and Toennies, 1 


Methyl] donor, choline synthesis, réle, 
Burke, Nystrom, and Johnson, 


723 
Sulfur**, muscle protein formation, 
diabetes, use in. study, Forker, 
Chaikoff, Entenman, and Tarver, 
37 
~, oxidation to sulfate, Forker, 
Chaikoff, Entenman, and Tarver, 
31 


Micrococcus lysodeikticus: Carbon di- 
oxide fixation, McManus, 729 
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Mold: See also Aspergillus, Neurospora 
Mucopolysaccharide(s): Collagen bind- 
ing, Einbinder and Schubert, 335 
Muscle: Epinephrine combination with 
2,4-dinitrophenol, Stadie, Haugaard, 
and Marsh, 173 
Glycogen, Bloom, Lewis, Schumpert, 
and Shen, 631 

—, carbon dioxide fixation into, Lif- 
son, Lorber, Omachi, Cavert, and 
Johnson, 491 
Insulin, combination, hypophysec- 
tomy, Stadie, Haugaard, and Marsh, 
167 

Protein, formation, diabetes, S*- 
methionine in study, Forker, Chai- 
koff, Entenman, and Tarver, 37 
Mycobacterium smegmatis: Diamine 
oxidase, streptomycin and dihydro- 
streptomycin effect, Zeller, Owen, 


and Karlson, 623 
Myosin: Actin, combination, Spicer 
and Gergely, 179 


Acto-. See Actomyosin 

Inosinetriphosphate and  adenosine- 
triphosphate, reactions, Spicer and 
Bowen, 741 

Preparation and purity, Mommaerts 


and Parrish, 545 

Solutions, light scattering, Mom- 

maerts, 553 
N 


Neurospora: Zinc-deficient, enzymatic 
changes, Nason, Kaplan, and Colo- 
wick, 397 

Nitrogen: Bacteriophage, origin, Koz- 
loff, Knowlton, Putnam, and Evans, 

101 

Nitrogenous constituent(s): Tissue lip- 
ides, Taylor and McKibbin, 677 

Nitropropionic acid: production, 
Aspergillus flavus, Bush, Touster, 
and Brockman, 685 

Nucleic acid(s): Derivatives, antago- 
nists, Hlion and Hitchings, 611 


(Gilycine-2-C™ incorporation into, Le- 
593 


Page and Heidelberger, 
Thymo-. See Thymonucleic acid 
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Nucleoprotein(s): Desoxyribose, thy- | Phosphate: Adenosinetri-. See Adeno- 
mus, adenosinetriphosphatase, Stern, sinetriphosphate 
Goldstein, and Albaum, 273 Inosinetri-. See Inosinetriphosphate 


Nucleotidase: 5-, purification and prop- 
erties, Heppel and Hilmoe, 665 
Nucleotide(s) : Dephosphorylation, anal- 
ysis, counter-current distribution, 
use, Bacher and Allen, 59 
Diphosphopyridine, preparation, ion 
exchange resin, use, Neilands and 
Akeson, 307 
Oligo-. See Oligonucleotide 
Poly-. See Polynucleotide 


O 
Oleate: Bacterial growth, biotin and, 


relation, Broquist and Snell, 431 
Oligonucleotide(s): Hydrolysis, enzy- 
matic, Hurst, Little, and Butler, 

705 

Preparation, enzymatic, Little. and 
Butler, 695 
Ornithine: p-, preparation, Levintow 
and Greenstein, 643 


Oxalacetic acid: Carbon dioxide fixa- 
tion, l-malie acid and, interrelation, 
Utter, 847 

Oxalacetic carboxylase: Wheat germ, 
Kraemer, Conn, ‘and Vennesland, 

583 

Oxidase: Diamine. See Diamine oxi- 


dase 
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Pectin: Amylo-. See Amylopectin 
Pentose phosphate: Formation from 6- 
phosphogluconate, enzymatic, Scott 
and Cohen, 509 
Pepsin: Oxidation, copper ‘and gold 
effect, Sizer and Fennessey, 351 
Peptide(s): Analogues, synthesis and 
microbiological properties, Dunn 
and Dittmer, 263 
Leucine, bacterial growth, effect, Sim- 
monds, Harris, and Fruton, 251 
Phenol: 2,4-Dinitro-. See Dinitrophe- 
nol 
Phosphatase: Adenosinetri-. 
nosinetriphosphatase 


See Ade- 


Phosphogluconate: 6-, pentose phos- 
phate formation from, enzymatic, 
Scoti and Cohen, 

Phospholipide(s) : a-, acetal, crystalline, 
brain, fatty aldehydes, Thannhau- 
ser, Boncoddo, and Schmidt, 427 

Acetal, brain, Thannhauser, Boncoddo, 


and Schmidt, 417, 423, 427 
—, -—, structure, Thannhauser, 
Boncoddo, and Schmidt, 423 


—, crystallized, brain, isolation, 7’hann- 
hauser, Boncoddo, and Schmidt, 


417 

Phosphorus: Potato starch, Posternak, 

317 

Phosphorylase: Amylopectin, action, 

Cori and Larner, 17 
Glycogen, action, Cori and Larner, 

17 

Liver, epinephrine effect, Sutherland 

and Cori, 531 


—, hyperglycemic-glycogenolytic fac- 
tor, effect, Sutherland and Cori, 
531 
Pituitary: See also Hypophysectomy 
Plant: 8-Carboxylase, Kraemer, Conn, 
and Vennesland, 583 
Polycythemia: Cobalt, iron metabolism, 
Berlin, Huff, and Hennessy, 445 
Polynucleotide(s): Synthesis, desoxyri- 
boside use, Reichard and Estborn, 
839 
Potato: Starch, phosphorus, Posternak, 
317 
Propionic acid: Nitro-. See Nitropro- 
plonic acid 
Protein(s): pi-Cystine S* incorpora- 
tion, Anderson and Mosher, 717 
Degradation, fasting, rate, Hoberman, 
797 
Glycine-2-C™ incorporation into, Le- 


Page and Heidelberger, 593 
Liver cells, Gjessing, Floyd, and 
Chanutin, 155 
Loss, fasting, rate, Hoberman, 797 
Muscle, formation, diabetes, S*- 
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Protein(s)—continued: 

methionine in study,.Forker, Chai- 
kof, Entenman, and Tarver, 37 

Nucleo-. See Nucleoprotein 
Pteridine(s): Nucleic acid derivatives, 
antagonists, Elion and Hitchings, 
611 
Purine(s): Lactobacillus casei, intercon- 
version, Balis, Brown, Elion, Hitch- 
ings, and VanderWerff, 217 
Ribose derivatives, yeast, utilization, 
Kerr, Seraidarian, and Brown, 207 
Yeast utilization, Kerr, Seraidarian, 
and Brown, 207 
Pyridine: Acetyl-. See Acetylpyridine 
Diphospho-. See Diphosphopyridine 
Pyridine-3-sulfonic acid: Antimetabolic 
activity, Gaebler and Beher, 343 


Q 


Quinone: a-Tocopherylhydro-. See To- 
copherylhydroquinone 


R 


Radiocalcium: Calcium absorption, in- 
testine, study with, Harrison and 
Harrison, 83 

Resin: Ion exchange, diphosphopyridine 
nucleotide preparation, use, Neil- 
ands and Akeson, 307 

Ribose: p-, determination, enzymes, 
adaptive, use, Cohenand Raff, 501 

Desoxy-. See Desoxyribose 

Riboside : Desoxy-. See Desoxyriboside 


S 
Saccharide(s): Mucopoly-. See Muco- 
polysaccharide 
Sicklemia : Hemoglobin, Wells and Itano, 


65 

Skeleton: Strontium deposition, Mac- 
Donald, Nusbaum, Stearns, Ezmir- 
lian, McArthur, and Spain, 137 
Starch: Potato, phosphorus, Posternak, 
317 

Solutions, turbidity, enzymes, rela- 
tion, Schwimmer, 477 
Steroid(s): Bile acids, Mattox and Ken- 
dall, 287 
Chromatography, paper, Burton, Zaf- 


Steroid(s)—continued: 
faroni, and Keutmann, 
Cortico-. See Corticosteroid 
Streptomycin: Dihydro-. See Dihydro- 
streptomycin 
Mycobacterium smegmatis diamine oxi- 
dase, effect, Zeller, Owen, and Karl- 
son, 623 
Strontium: Skeleton, deposition, Mac- 
Donald, Nusbaum, Stearns, Ezmir- 
lian, McArthur, and Spain, 137 
Succinylsulfathiazole : Glutamic acid ex- 
cretion, effect, Bakerman, Silverman, 
and Daft, 117 
Sulfathiazole: Succinyl-. See Succinyl- 
sulfathiazole 
Sulfonic acid: Pyridine-3-. 
dine-3-sulfonic acid 


T 


Testis: Hyaluronidase, heavy metals, 
effect, Meyer and Rapport, 485 
Preparations, chondroitinase, Ma- 
thews, Roseman, and Dorfman, 327 
Threonine : Requirements, Rose, Haines, 
Warner, and Johnson, 49 
Thymonucleic acid: Enzyme degrada- 
tion, Little and Butler, 695 
Hurst, Little, and Butler, 705 
Thymus: Desoxyribose nucleoprotein, 
adenosinetriphosphatase, Stern, 
Goldstein, and Albaum, 273 
Tissue(s): Lipides, nitrogenous constit- 
uents, Taylor and McKibbin, 677 
Tocopherylhydroquinone: a-, biological 

activity, Issidorides and Maittill, 
313 

Trypsin: Chymo-. See Chymotrypsin 
Tryptophan: Metabolites, determina- 
tion, chromatographic, Mason and 
Berg, 783 
Tyrosinase: Invertase, 

and Fennessey, 


U 


Urea: Synthesis, amino acid effect, 
Kamin and Handler, 193 
Urine: Cinchona alkaloids, metabolic 
products, Brodie, Baer, and Craig, 
567 
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See Pyri- 


effect, 
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Virus: Reproduction, biochemistry, Koz- 

loff, Knowlton, Putnam, and Evans, 

101 

Vitamin(s): Bi2, microbiology, Hendlin 

and Soars, 603 

Bios, microbiology, 
Soars, 


Hendlin 
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Wheat: Germ, oxalacetic carboxylase, 
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Wheat—continued: 
Kraemer, Conn, and Vennesland, 
583 
Y 
Yeast: Purines and derivatives, utiliza- 
tion, Kerr, Seraidarian, and Brown, 
207 
Z 
Zinc: -Deficient Neurospora, enzymatic 
changes, Nason, Kaplan, and Colo- 
wick, 397 
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